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Kurzfassung

Kurzfassung

Gegenstand der vorliegenden Arbeit ist ein neuartiges Photodetektionskonzept
basierend auf interner Photoemission (IPE). Das zugehdorige Bauteil wird kurz
PIPED genannt, ein Akronym fur Plasmonic Internal Photoemission
Detector. PIPED erreichen als allererste Detektoren aus der Klasse der IPE-
Detektoren technisch interessante Leistungskennzahlen. Die Detektoren
bendtigen eine Flache von weniger als 1 um? eines Silizium Chips, erreichen
eine optoelektronische Bandbreite von mehr als 1 THz und weisen auch bei
diesen hohen Betriebsfrequenzen eine hohe Empfindlichkeit auf. Diese
herausragende Leistungsfahigkeit beruht auf dem besonderen Aufbau, der einen
Metall-Halbleiter-Metall (MHM) Ubergang mit einem Metall-Oxid-Halbleiter
(MOH) Ubergang verbindet. Aufgrund der obenstehenden einzigartigen
Eigenschaften haben Detektoren vom PIPED-Typ das Potential,
Schlusselbausteine zukinftiger photonisch-elektronischer Signalverarbeitungs-
systeme mit Bandbreiten im THz Bereich zu werden, die Signale mit bisher
unerreichter Geschwindigkeit verarbeiten.

In dieser Arbeit betrachten wir die technische Tragfahigkeit des PIPED
Konzepts hinsichtlich solcher photonisch-elektronischer Signalverarbeitungs-
systeme. Wir beginnen unsere Untersuchungen mit Anwendungen von PIPED
in Chip-zu-Chip Verbindungen. Aullerdem untersuchen wir die Eignung und
die Limitierungen von PIPED hinsichtlich fortgeschrittener optoelektronischer
Signalprozessierung bei sub-THz und THz Frequenzen. Dazu erarbeiten wir ein
tiefes Verstdndnis der grundlegenden physikalischen Prozesse, die die
uberragende Leistungsfahigkeit des Detektors erst ermoglichen. Zur
Herstellung des Bauteils nutzen wir modernste Techniken aus der
Halbleiterfertigung.

Die Errungenschaften unserer Forschungsarbeit zum PIPED Konzept wurden
mit  dem  Gips-Schile-Forschungspreis 2017  ausgezeichnet,  der
interdisziplindre Forschung mit besonderer Relevanz fir die Gesellschaft
wirdigt.
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Nachstehend folgt eine detaillierte Beschreibung des Inhalts dieser Arbeit:

Kapitel 1 dient zur Einfihrung und legt die grundsatzlichen Fragestellungen
dieser Arbeit dar.

Kapitel 2 (,,Fundamentals of Metal-Dielectric Interfaces) beschreibt die fur
das PIPED Konzept wesentlichen theoretischen Grundlagen. Wir stellen
insbesondere  die  physikalischen  Prozesse  heraus, welche die
Kerneigenschaften des PIPED bestimmen.

Kapitel 3 (,,State of the Art in Photodetection*) gibt einen Uberblick tber die
Funktionsweise von verschiedenen Photodetektoren. Wir legen hier die
Vergleichstechnologien fest, an denen wir die Leistungsfahigkeit des PIPED
messen.

Kapitel 4 (,,High-Speed Plasmonic Photodetectors®) fiihrt das PIPED Konzept
ein. Wir beschreiben den allerersten ,,Plasmonic Internal Photoemission
Detector (PIPED), der eine hohe Geschwindigkeit und eine Empfindlichkeit
von mehr als 0.12 A/W bei einer optischen Eingangswellenldnge von 1550 nm
erreicht. Durch Wahl der Polarisation des einfallenden Lichts kann diese
Empfindlichkeit noch verdoppelt werden. Wir erreichen mit diesen Bauteilen
im Experiment eine Datenrate von 40 Gbit/s, was nur durch die zur Verfugung
stehende Laborausriistung begrenzt wurde. Die funktionsrelevanten Strukturen
des Detektors weisen einen Flachenbedarf von weniger als 5 um x 155 nm auf.
Die Gesamtflache des Detektors ist damit geringer als 1 pm2. Diese
Leistungskennzahlen stellen Rekordergebnisse fir plasmonische Detektoren
auf Basis von IPE dar.

Kapitel 5 (,,Field-Effect Silicon Plasmonic Photodetector for Coherent T-wave
Reception”) erweitert das PIPED Konzept um eine zuséatzliche
Kontrollelektrode, die in Analogie zu einem MOH-Feldeffekttransistor Gate-
Steuerelektrode genannt wird. Durch Anlegen einer Gatespannung wird ein
Feldeffekt ausgelost, mit dem sich die Ladungstragerdichte im Bauteil
kontrollieren lasst. Wir zeigen, dass durch Nutzung dieses Feldeffekts
optoelektronische Bandbreiten von mehr als 1 THz moglich werden.

Kapitel 6 (,,Silicon—Plasmonic Integrated Circuits for THz Signal Generation
and Coherent Detection®) zeigt, dass PIPED sowohl als Transmitter als auch

Vi
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als Empféanger von T-Wellen dienen kdnnen, und sich daher insbesondere fir
Anwendungen in THz-Systemen eignen. Wir stellen einen Demonstrator vor,
der mehrere PIPED- und THz-Schaltkreise monolithisch integriert.

Kapitel 7 (,,Summary and Outlook*) umreif3t die Kernergebnisse dieser Arbeit
und stellt die n&chsten Schritte in der Entwicklung und Anwendung zukdinftiger
Bauteile vom PIPED-Typ hinsichtlich photonisch-elektronischer THz-
Signalerzeugung dar.

Kapitel 8 bis 11 sind Teil des Anhangs, in dem wir die Techniken zur
Herstellung und zur Charakterisierung der PIPED vorstellen. Wir zeigen
weitere Messungen, mit denen wir unsere Modelle der grundséatzlichen
physikalischen Eigenschaften der PIPED validieren. Zuletzt beschreiben wir die
Simulationsumgebungen, mit denen wir die photonischen und elektronischen
Eigenschaften unserer Bauteile untersuchen.

Vil






Preface

Preface

This thesis introduces and experimentally demonstrates a novel approach to
exploit internal photoemission (IPE) for photodetection. For brevity, we name
the resulting device a PIPED, an acronym for Plasmonic Internal
Photoemission Detector. PIPED represents the first detector based on IPE that
operates at technically viable performance figures. The detectors occupy less
than 1 um? of space on a silicon chip and provide operating frequencies in
excess of 1 THz, while a viable sensitivity is maintained even at these speeds.
The excelling performance is due to the detector’s specific layout that combines
a metal-semiconductor-metal (MSM) and a metal-oxide-semiconductor (MOS)
junction in a layout similar to a MOS-field-effect transistor. Due to these unique
characteristics, PIPED have the potential to become key building blocks of
advanced optoelectronic systems that operate at THz frequencies and that
process signals at unprecedented speeds.

In this work, we evaluate the technical viability of the PIPED concept
regarding such high-speed optoelectronic systems. We begin our analysis with
chip-to-chip interconnects based on PIPED. Furthermore, we explore the
capabilities and limitations of PIPED for its use in advanced optoelectronic
signal processing systems operating in the sub-THz and THz frequency range.
We develop a detailed physical understanding of the intrinsic physical processes
that define the excelling performance of the detector. We develop a
straightforward fabrication process that makes use of state-of-the-art
semiconductor processing techniques.

Our achievements regarding the development of PIPED have been awarded
with the Gips-Schille Research Prize 2017, which honors interdisciplinary
research with distinct benefits for society.
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A detailed description of the content follows below:

Chapter 1 (“Introduction”) provides the general problem statement of this
thesis.

Chapter 2 (“Fundamentals of Metal-Dielectric Interfaces”) introduces the
theoretical framework upon which the PIPED concept operates. We explain the
physical processes that define the key characteristics of PIPED.

Chapter 3 (“State of the Art in p-i-n Photodetect”) describes the general
operating principle of photodetectors. Here, we define the benchmark
technologies with which the PIPED compete.

Chapter 4 (“High-Speed Plasmonic Photodetectors™) introduces the PIPED
concept. We demonstrate the first high-speed and high-sensitivity plasmonic
internal photoemission detector (PIPED) with a sensitivity exceeding 0.12 A/W
at 1550 nm. By changing the state of polarization, the sensitivity can be
doubled. We succeed in data reception at bit rates up to 40 Gbit/s using a PIPED
receiver, where the data rate was only limited by the equipment available for
the experiment. The functionally relevant structures occupy an area of only
5 um x 155 nm. The total footprint of the device is less than 1 um?2. Our
experimental findings represent record results for plasmonic photodetectors
based on IPE.

Chapter 5 (“Field-Effect Silicon Plasmonic Photodetector for Coherent T-
wave Reception”) expands the PIPED concept by introducing a further control
electrode, which in analogy to a MOSFET is called the gate electrode. Applying
a voltage to the gate introduces a field effect that controls the charge carrier
distribution and the associated dynamics in the device. We show that
optoelectronic bandwidths in excess of 1 THz are feasible using the gate.

Chapter 6 (“Silicon—Plasmonic Integrated Circuits for THz Signal Generation
and Coherent Detection”) shows that PIPED can operate as both, T-wave
transmitters and receivers, and hence lend themselves for application in T-wave
systems. We suggest a proof-of-concept design, in which we monolithically
integrate PIPED with T-wave circuits.
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Chapter 7 (“Summary and Outlook™) formulates the key findings of this thesis
and details the next steps in the development and the application of future
PIPED-type devices in optoelectronic signal processing systems operating at
THz frequencies.

Chapters 8 through 11 are part of the Appendix. Here, we describe the
technologies we use to create and experimentally analyze the PIPED. We
supplement further measurement data that we use to validate our models of the
physical properties of the PIPED. Lastly, we explain the simulation framework
with which we model the photonic and electronic characteristics of our devices.

Xi
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Achievements of the Present Work

This thesis introduces and experimentally demonstrates a novel silicon
plasmonic photodetection concept. It is based on internal photoemission (IPE),
which is the light-induced transfer of hot carriers across a metal-dielectric
interface. We name the resulting device a PIPED, an acronym for Plasmonic
Internal Photoemission Detector. In this work, we develop the PIPED concept
starting with the analysis of its fundamental physical operating principles, and
investigate possible application scenarios for PIPED, ranging from chip-level
interconnects to optoelectronic terahertz wave (T-wave) systems.

The main achievements of this work are listed below:

First demonstration of a silicon plasmonic photodetector with technically
interesting performance: We experimentally demonstrate a PIPED with a
record-high sensitivity of more than 0.12 A/W at 1550 nm and with large
optoelectronic bandwidths well above 40 GHz. We prove the viability of the
PIPED concept for real-world applications by receiving on-off keying (OOK)
data at a rate of 40 Gbhit/s. Our experimental findings are only limited by the
available equipment at the time of the experiment.

Development and implementation of a straightforward PIPED nano-
fabrication scheme in silicon: Our fabrication process is able to create PIPED
with a device footprint of below 1 um?2. This makes PIPED much smaller than
competing Si/Ge photodetectors or uni-travelling-carrier (UTC) photodiodes,
which typically consume up to 100 pm?.

Ultra-wide range of operation: The optical operating frequency fo = ¢/ is
only limited by the absorption band edge of silicon at high optical frequencies
and by the barrier height of the involved metals at low optical frequencies. For
our PIPED design, we expect a useful operating range from A, = 1130 nm to
above 2000 nm. We have yet to determine the optimal operating wavelength
that maximizes the sensitivity.

Ultra-high optoelectronic bandwidth > 1 THz: Employing a field-effect
allows to control the carrier dynamics in the PIPED. We show that this field-

Xili
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effect is persistent even at T-wave frequencies. Our simulations show that this
field-effect can be utilized to increase the optoelectronic bandwidth to well
above 1 THz.

First demonstration of silicon plasmonic T-wave transmitters and
receivers: Exploiting the high bandwidth and the voltage-dependent sensitivity
of PIPED, a single device can both generate T-waves by photomixing, and
receive T-waves by optoelectronic down-conversion using an optically
generated local oscillator.

First demonstration of integrated T-wave systems: We show that PIPED can
be monolithically cointegrated with T-wave circuits. We determine the complex
transfer characteristics of the transmission line in the frequency range from
0.05 THz to 0.8 THz as a proof-of-concept experiment.

Xiv



1 Introduction

The demand for high-performance computing and ultra-broadband signal
processing is ever increasing. Advanced optoelectronic systems attempt to
address this demand by cointegration of photonic and electronic
elements [1, 2]. This allows to make use of the most advantageous
characteristics of both fields: Integrated electronic circuits process digital
information by relying on strongly nonlinear components (like field-effect
transistors). State-of-the-art electronics achieve ultra-high integration densities.
As of today, the fabrication techniques in semiconductor structuring have
reached a level of precision that allows to control structures nearly down to
atomic levels. Photonics, on the other hand, has spawned a multitude of signal
processing techniques that provide broadband tunability and ultra-wide
bandwidths. High-performance computing systems that merge the strengths of
both fields could operate at very high frequencies and offer unsurpassed
performance metrics. High-speed photodetectors are core elements of such
optoelectronic systems. They convert light to an electronic current and hence
mediate between the photonic and the electronic domain.

However, a seamless cointegration of photodetectors and state-of-the-art
electronics is currently impeded by vastly different boundary conditions
imposed by the underlying technologies: Whereas modern field-effect
transistors can be fabricated with feature sizes approaching the single-digit
nanometer range [3], typical dimensions of integrated photodetectors amount to
several micrometers. Furthermore, while modern CMOS electronics are
fabricated on the mature silicon platform, photodetectors are typically
fabricated in germanium or on dedicated I11-V substrates, both of which are not
readily transferable to highly advanced CMOS platforms. This impedes a
monolithic cointegration of high-speed photodetectors in silicon electronics.

In this work, we introduce Silicon Plasmonic Internal Photoemission
Detectors (PIPED) as a new class of ultra-compact high-speed photodetectors.
PIPED rely on the excitation of charge density oscillations at metal-dielectric
interfaces, so called surface plasmon polaritons (SPP), and on internal
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photoemission (IPE), i.e., the light-induced transfer of “hot” carriers across such
interfaces.

PIPED implement SPP and IPE in a quasi-ideal way: Light is coupled from
a silicon photonic waveguide to a metal-semiconductor-metal (MSM) junction
made of gold, silicon, and titanium. The silicon core is less than 100 nm wide,
which creates a high plasmonic field enhancement at the junction and leads to
a strong SPP absorption. This generates electron-hole pairs in the metals within
a nanometric distance from the interface — close enough to allow a hot carrier
transfer across the metal-semiconductor interfaces, thereby creating a
photocurrent.

In the following chapters, we explore and develop the PIPED concept in
multiple steps: Starting from its very fundamentals, we create a detailed
understanding of the device’s underlying physical processes. We implement a
fabrication scheme to create PIPED with less than 1 pm? in footprint.
Specifically, our PIPED is the first IPE-based photodetector that shows
technically viable performance parameters, which are comparable to other state-
of-the-art high-speed photodiodes. For the first time, high-speed photodetection
at 1550 nm wavelength becomes possible in silicon. With these early PIPED
prototypes, we are already able to demonstrate record-high sensitivities in
excess of 0.12 A/W at bandwidths of more than 40 GHz [4]. This makes PIPED
a worthwhile candidate for ultra-compact and highly integrated chip-to-chip
interconnects.

We then extend the PIPED concept by introducing a metal-oxide-
semiconductor (MOS) interface with an additional gate electrode [5]. Applying
a voltage to the gate induces a field effect in the silicon device core, similar to
a MOS field-effect transistor (FET). This allows to control the carrier dynamics
in the device and the degree of internal photoemission at the metal-
semiconductor interfaces. Specifically, a highly conductive channel can be
created in the device in which the device dynamics are determined by ultra-fast
dielectric relaxation rather than by the carrier transit time. We experimentally
verify that this field effect is persistent even at sub-THz frequencies. Our
simulations show that the bandwidth of PIPED can be increased to more than
1 THz by using the gate.
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Furthermore, we analyze the capabilities and limitations of PIPED for its use
in advanced optoelectronic signal processing systems that operate in the sub-
THz and THz frequency range [6]: PIPED feature a strongly voltage-dependent
sensitivity and are, thus, not only suited for T-wave generation by photomixing,
but also for coherent detection of T-waves by optoelectronic down-conversion
when employing an optical local oscillator (LO). PIPED can hence act both as
T-wave transmitters and as receivers. We demonstrate a monolithically
integrated T-wave system based on PIPED on the silicon platform and measure
the complex-valued transfer characteristics of an on-chip transmission line as a
proof of principle. We create T-waves in a PIPED transmitter, and continuously
tune the frequency range from 0.05 THz to 0.8 THz to extract the amplitude and
phase information at the PIPED T-wave receiver.

We believe that the PIPED concept addresses multiple challenges that are
faced by optoelectronic signal processing systems. These challenges range from
fundamental device principles to system integration. PIPED have the potential
to become disruptive in a variety of applications, comprising, without
limitation, future chip-level interconnects [1], ultra-broadband wireless
communications in future sixth-generation (6G) networks [7, 8], or THz
spectroscopy systems [9].






2 Fundamentals of Metal-Dielectric
Interfaces

This chapter introduces the theoretical framework describing the material
properties and the physical processes upon which this work is built. Section 2.1
describes the basic electronic properties of solids, introducing the continuity
equation and discussing carrier-transport mechanisms in semiconductors.
Section 2.2 focuses on interfaces of metals and semiconductors and on
interfaces of metals, oxides, and semiconductors, respectively. The carrier
transport under non-equilibrium conditions is specifically in focus. Section 2.3
introduces surface plasmon polaritons (SPP), which are a special form of
electro-magnetic waves bound to metal-dielectric interfaces.

2.1 Electronic Properties of Solids

The following section provides a brief overview of the fundamental physical
properties of semiconductors. A detailed derivation of the findings from first
principles can be found in [10] and [11].

Band Structure

The electronic properties of matter in the solid state are described with the
energy band model. The energy bands are a consequence of the wave-like nature
of electrons and their interaction with the periodic crystal lattice. Due to the
periodicity of the crystal lattice, only distinct waves with propagation constant
k and associated energy states W(k) can exist. The crystal momentum 7K is akin
to the classical momentum and is a conserved quantity. Each occupied state
models an electron. An unoccupied state is referred to as a “hole”.

The bands determine the electronic states of energy W(k) that electrons can
occupy and are separated by band gaps, where no states exist and electrons
cannot dwell. The band gap energy is usually measured in units of electron volt
and is typically in the order of Ws =1 eV in semiconductors (see Table 1).
Insulators have a larger band gap of several eV. For metals, the bands overlap
and there is no band gap.
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Table 1. Band gaps for various materials.

Material Type Band Gap We

Silicon Semiconductor 1.1eV
Germanium Semiconductor 0.66 eV
Silicon oxide Insulator ~10eV

Effective Mass and Mobility

Free charge carriers in the solid are able to move under the influence of an
external force. The effective masses of electrons m,, in the conduction band

and of unoccupied electron states (“holes” M, in the valence band are a

measure of the carrier movement in response to an external field, in analogy to
the inertia of an object with mass m in classical mechanics. The effective masses
are characteristic for each material and are strongly dependent of the energetic
state W(k) in the k-space that the electron (or hole) occupies. The effective mass
reads in one dimension

(1)

The effective masses of electrons and holes are typically different due to the
different curvatures of the band edges at the bottom of the conduction band and
at the top of the valence band. The effective mass can be assumed constant in
most practical applications, as scattering limits the amount of momentum Ak
that a carrier can accumulate, such that the parabolic approximation according
to Eq. (1) is valid and the effective mass m~ can be considered as a constant.
This scattering finally limits the speed of the carriers, which move with the
group velocity of the associated wave packet

10W (k)
Vy=———"7-.
S n ok

In the following equations, only the x-dimension is assumed for the sake of
simplicity. The derivation is valid for the y- and the z-dimension, too.

()
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The mobility p relates this average speed vy and the electric field E, and takes
into account the scattering time 7gc of carriers when interacting with impurities
or phonons:

= Ml == 2| ®

Occupation Probability and Density of States

The Fermi-Dirac distribution function f (W) determines the occupation
probability of any electron state at energy W. For states within the bands, it reads

1 W —W kT

" L+exp[ (W -We)/ (KT)]

f (W) exp[ (W -Wg)/(kT) ], (4)

where Wk is the Fermi energy, k is the Boltzmann constant and T the absolute
temperature. At room temperature (T =298 K) the Fermi function makes a

transition from high (0.88) to low (0.12) occupation probabilities within an
energetic width of 4kT = 100 meV.

Conversely, the probability that a state is unoccupied is given by

1 W -W KT

1- f(W) :1—exp[—(WF W] ~ 1-exp[-(W -Wg)/(kT)]. (5)

In semiconductors, the highest occupied band is called the valence band and
the highest unoccupied band is the conduction band. In a three-dimensional
system, the density of states follows a square-root law close to the bottom of the
conduction band N¢ and the top of the valence band Ny (page 17 in [10])

(6)

NC(W)I mn\/zmn(vv _WC) ’

2hs

_ m;\/Zm;(\NV ~W)

N (W) =2

(7)
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Carrier Density and Doping

The intrinsic carrier density n; is the number of electrons in the conduction band,
and the number of holes in the valence band which are present due to thermal
excitation. For semiconductors, n; is typically small of the order of 10° ¢cm
due to the large energetic separation of the bands. The carrier densities in the
semiconductor can be greatly increased by doping the material with an acceptor
(density N, ) or with a donor (density Np). Acceptors introduce additional
energy states close to the edge of the valence band. Electrons from the valence
band can be thermally excited to occupy an acceptor state, leaving a hole and
an ionized acceptor behind. Similarly, donors introduce additional energy states
close to the band edge of the conduction band. Electrons from donor states can
be thermally excited to the conduction band. The energetic separation of donors
and acceptors from the band edges is typically of the order of 10 to 100 meV
and hence much smaller than the band gap energy. In thermal equilibrium and
at room temperature, all acceptors and donors are ionized, such that the density
of carriers in the semiconductor is

W~ —W,
nn=Np=N~exp| -——&—F |, 8
o=No = Nexp| -2 He | ®
Py =N = Nvexp[—"%j. ©)

The carrier density can be manipulated by a potential ¢(x) that is present in
the semiconductor. The potential @(X) can be the result of a contact voltage at
material interfaces, or it can be due to an externally applied voltage. The
reference potential @ =0 is located outside of the disturbed domain, where the
semiconductor is in thermal equilibrium. The carrier density then reads:

n=n, exp(—e(i—_(rx)j , (10)
_ ep(x)
p=poexp| 280 . e
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The dominating dopant type determines the majority carrier species. The
respective other carrier type is called the minority species. The mass action law
states the relation between n, p and n; in thermal equilibrium:

M =0p (12)
Conductivity and Carrier Transport

Transport is the physical movement of carriers through the solid at speed vy,
forming an electric current J. The current is counted positive for positively
charged carriers travelling along the x-direction (positive vx) and negative in
case of negatively charged carriers. Transport can occur due to gradients in
carrier densities or due to external fields. Gradients lead to diffusion currents
Jb, which are determined by the diffusion constant D = kTp/e. The relations for
diffusion currents of electrons and holes read:

dn

‘]n,D,x = eDn & , (13)
d

Joox =—€D; d—i . (14)

The drift current Jrx due to an external field Ex can be derived from Eq. (3),
and by using the relation for the conductivity for electrons o, =€ny, and
o,>0,E, >0:

Jnex =—€nv, , =—eny E, =—o,E,. (15)
An analogous expression holds for holes:
JpEx =€PVp x =€PHEx =0y Ey. (16)

Generation and Recombination

Electron-hole pairs are constantly generated and recombined in semiconductors.
In thermal equilibrium and without any externally applied voltages or
illumination, the generation rate g and the recombination rate r cancel each
other, i.e., they have the same magnitude and opposite signs. The net generation
or recombination rate for carriers can be influenced by:
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e Heating of the semiconductor as a whole by increasing the temperature T

e Light absorption in the semiconductor, causing inter-band transitions

e Injection of charges from the outside (e.g., through an interface to a
different material)

Continuity Equation

The continuity equation relates the spatial distribution of free carriers in x-, y-,
and z-direction and the associated temporal evolution to the associated currents
as well as to the generation and recombination of the carriers in the
semiconductor. The equation of continuity is a result of the conservation of
mass and electric charge: A given density of charge carriers can only change in
space and time if there is a net inflow or outflow of carriers, or if the carriers
are generated or recombined through transitions between the valence band, the
conduction band and the impurity states within the band gap.

The continuity equation for electrons reads:

on 1

E_Edivj” =(gn—1,), Jn=Jnr+J,p=eny,E+eDygrad(n).  (17)

An analogous relation holds for holes:

o 1. - Lo -
Ehgduvap:(gp—rp), Jo=J,r+J,p =€pu,E —eDygrad(p).  (18)

Dielectric Relaxation

Dielectric relaxation is a mechanism of carrier transport in semiconductors
occurring in domains of high carrier density. Injection of minority or majority
carriers into an otherwise electrically neutral region leads to a disturbance of the
potential @(x). The dominating carrier species reacts to the disturbance by
reorganizing its distribution and by electrically shielding the excess charge. The
high electrical conductivity of the majority species allows for a rapid
redistribution of the carrier density. The dielectric relaxation time 7y is the
characteristic time that a material with a given conductivity o needs to shield
excess charges locally and is given by (page 519 in [10])

(= (19)

&
o

10
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Typical values for the dielectric relaxation time range from
7r =0.5fs ... 0.5ps, assuming an electron concentration between n = 10%* ¢m?
and 10*° cm in n-doped silicon.

The bandwidth of optoelectronic devices can benefit strongly from dielectric
relaxation. The carrier dynamics for such devices is determined by the usually
very small dielectric relaxation time instead of the carrier transit time. In the
regime of dielectric relaxation, very high bandwidths in excess of 1 THz can be
achieved, see Chapter 5.

2.2 Metal-(Oxide)-Semiconductor Interfaces

This section explains the electronic properties of metal-semiconductor (MS)
and metal-oxide-semiconductor (MOS) interfaces. A metal-semiconductor-
metal (MSM) junction combines two MS-interfaces, which share the same
semiconductor layer. Figure 1 (a) shows an illustration of a combined MSM and
MOS structure. The MSM junction is oriented horizontally and consists of a
silicon (Si) core between a layer of gold (Au) and a layer of titanium (Ti). In the
context of this work, the width of the silicon core layer is of the order of
w = 100 nm. There is an additional silicon oxide (SiO) layer and a gold cap on
the top of the MSM junction, which establishes a MOS interface in the vertical
direction. The individual metal structures form electrodes and are called gate
for the gold cap, drain for the gold contacting the silicon and source for the Ti
contact in analogy to a MOS field-effect transistor. The SiO, layer below the
gate will be called gate oxide in the following. The potential ¢(x,y) in the silicon
may be controlled by applying an external voltage Ups between the drain and
the source contact or Ugs between the gate and the source. The voltages Ups
and Ugs are counted positively from the drain (or the gate) contact with respect
to the source. The following sections explain the key aspects of this combined
MSM/MOS junction with respect to the band structure and to the charge
transport properties.

11
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Figure 1. Illustration of a combined metal-semiconductor-metal (MSM) / metal-oxide-
semiconductor (MOS) structure and of the associated band diagram. (a) The MSM part of the
structure consists of a silicon core between a layer of gold (drain contact) and a layer of
titanium (source contact) in a horizontal direction. In the vertical direction, there is an
additional silicon oxide layer and a gold cap (gate) on the top of the MSM junction, which
establishes a metal-oxide-semiconductor (MOS) interface. The voltages Ups and Ugs are
counted positively from the drain (or the gate) contact with respect to the source. (b) Band
diagram following the cut line in (a) of the Au-Si-Ti junction without an external voltage. The
difference of the metal work functions ¢w,au and ¢w,ti gives rise to a built-in potential gni. The
associated voltage drops across the silicon core of width w. The potential steps at the respective
MS interfaces gauri are determined by the difference of the work function ¢wand the electron
affinity ysi, as well as the band gap. The Fermi energy WFr is constant throughout the complete
junction if no voltage is applied. The slope of the silicon conduction band edge Wc and of the
valence band edge Wy is mainly determined by the built-in potential ¢pi. Charges in the metals
can overcome the barrier either by thermionic emission or by tunneling, depending on their
energy. Thermionic emission is the direct transition of carriers over the barrier gaymi if they
have an energy W > We + gayri. Tunneling is the classically forbidden transition through the
barrier if the energy is W < Wg + gayri. This is exemplified for electrons in Au: The electrons
in the high-energy tail of the Fermi distribution can directly overcome the barrier (highlighted
in red), while the residual electrons can only attempt to tunnel. The emission of holes from the
gold and the emission of electrons from the titanium is strongly suppressed without an external
bias: The intrinsic field due to the built-in potential works against the carriers that attempt to
tunnel through the barrier.

12
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2.2.1 Band Structure

Figure 1 (b) shows the band structure of the MSM junction along a cut line from
the Au drain to the Ti source contact and through the silicon core. The trace of
the cut line is drawn in Figure 1 (a). The silicon core is weakly p-doped with an
acceptor concentration of Na = 10% cm= to compensate for impurities. The
exact shape of the band structure is determined by the Fermi energy level Wk,
by the potential steps at the MS interfaces, and by the curvature of the silicon
conduction and valence band edges.

The Fermi energy level Wr must be constant across the entire junction in the
absence of external voltages. Before contact, the gold and the titanium exhibit
different work functions ¢w au and g@w i respectively. Bringing gold, silicon, and
titanium in contact leads to an exchange of charges until the Fermi energy is flat
across the junction.

The net potential across the MSM junction that is created due to the charge
exchange is ¢pi = (dwau — dwri)/e. The voltage associated with the built-in
potential only drops across the semiconductor. The metals are free of excess
charges except for a thin charged layer directly at the respective MS interfaces.

The MS interfaces constitute energy steps in the conduction and the valence
bands, which are defined by the differences of the Fermi energy W (dotted line)
and the band edges of the silicon (blue lines). The steps exist due to the band
gap, which prevents electrons and holes from the metals to enter the silicon. In
an ideal case, the barrier heights are determined by the difference of metal work
function ¢ and the silicon electron affinity ysi. The barrier height for electrons
at the Au-Si interface IS @aue = dw—xsi. The barrier height for holes is
daun = dw — (rsi *We si). Note that ¢aun has a negative sign because it is counted
negatively on the energy scale of electrons (W-axis). Analogous expressions
hold for the Si-Ti interface.

The actual barrier heights that can be encountered in real MS junctions
typically differ from the ideal case. The barrier heights strongly depend on the
materials and on the preparation of the surfaces. Surface states created by the
semiconductor processing or gold diffusion might significantly affect the actual
barrier height. The assumed barrier heights for the scope of this work are listed

13
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in Table 2. To confirm those assumptions, Section 9.1 discusses an experimental
way to measure the barrier height at the Au-Si interface. Device measurements
and numerical analysis of the structure in Section 10.2 allows to determine the
built-in potential ¢y,; The remaining quantities can be calculated with the above
relations. Hence, a full set of information about the energetic properties of the
Au-Si-Ti junction can be achieved.

At zero external voltages Ups =0 and Ugs =0, and away from the oxide-
semiconductor interface, the curvature of the silicon conduction band edge W¢
and the valence band edge Wy is mainly determined by the built-in potential gy;,
as the contribution from the free carrier densities n(y) and p(y) and the ionized
acceptor concentration N, in the silicon is negligible. We confirmed this
assumption by a numerical model of the entire MSM/MOQOS structure. The
following section explains our reasoning.

At the MOS junction, there is no carrier injection due to the zero-gate
potential. The silicon core is otherwise completely depleted of free carriers due
to the overlapping space-charge regions of both MS-interfaces. Hence, the
influence of the charge carrier densities n and p can be neglected. We confirmed
this assumption by a numerical model of the entire MSM/MOS structure. The
additional curvature of the band edges due to ionized acceptors in the space-
charge region can be obtained from considering the charge density o =-eN,.
When assuming a silicon core width w =100 nm, the potential due to the
ionized dopants is of the order of 10 mV, which is much smaller than the built-
in potential. It is hence fair to assume that the built-in potential dominates the
behavior of the band edges. In this case, the built-in potential drops linearly
across the silicon core and the electric field is constant. The flat-band condition
applies when the band edges are entirely horizontal. This can be achieved by
applying the built-in potential between the drain and the source contact
Ups = gpi. Section 2.2.2 and Chapter 5 discuss the influence of the voltages on
the band structure in more detail.

14
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Table 2. Barrier heights at the Au-Si and the Si-Ti interface and the resulting
built-in potential ¢,i. The data has been confirmed by measurements and
numerical simulation.

Barrier height/potential

Gold-silicon
Prue 0.82 eV [12, 13]
Pauh = Paue — Wo -0.29 eV
Silicon-titanium
Prie 0.62 eV [14]
¢rin = rie — Wo —0.49 eV
Built-in potential  ¢ni = (daue — drie)le 0.2V

2.2.2 Hot Carrier Transport across Metal-Semiconductor-
Metal Junctions

The charge transport across the junction mainly depends on the presence of hot
carriers in the metal. Low-energy carriers near the Fermi energy level of the
metals cannot directly enter the silicon, as the band gap does not provide free
states. The band gap constitutes a current-blocking barrier. However, carriers
which feature a large enough energy can cross the silicon core.

To understand the underlying physical processes, it is helpful to approach the
topic in two steps. In a first step, analyzing the behavior of individual particles
at the MS interface allows to understand how single hot carriers can contribute
to a current across the junction. As a second step, analyzing the behavior of the
carriers as a statistical ensemble helps to understand how heated carrier “gases”
in the metals may contribute to the current. Heating of the carrier gas can occur
if hot electron-hole pairs relax and share their energy with the surrounding
electronic system. The following sections describe the details.

The transmission probability T(W) of a single electron at energy W attempting
to overcome a potential barrier strongly depends on the exact shape of the
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barrier. For a simplified analysis, a rectangular step barrier with a barrier height
¢s and a barrier width w can be considered. We further neglect differences of
the electron effective masses inside and outside of the barrier and set the
effective mass m" equal to the mass m, of the electron particle in free space.
With above simplifications, an analytical solution can be found by solving
Schrédinger’s equation for the wave function inside and outside of the barrier
and by considering the continuity of the wave function at the interfaces of the
potential barrier. The solution for the transmission probability is valid for the
complete energy range above and below the potential step barrier and is given
in one dimension by (page 48 in [10]):

_ ) ¢Bsinh(\;v\/2me(¢8 —W)j_l

TW)=1 W (g W) (20)

The following sections distinguish two different energetic regimes. Tunneling
applies if the carrier energy is below the barrier energy. Thermionic emission
applies when the carrier energy is above the barrier energy.

Tunneling, W < W + ¢

Tunneling is the transition of carriers through energetically forbidden regions
of the barrier, i.e., for the case in which the carrier energy level W is smaller
than the energy level of the barrier, W < Wg + ¢s. Tunneling is possible in the
guantum regime due to the wave-like nature of carriers (section 1.5.7 in [10]).
The inset of Figure 2 shows an electron wave impinging on a step-like potential
barrier. Classically, the electron is forbidden to enter the potential barrier. In a
guantum picture, however, the tail of the carrier wave function penetrates into
the barrier and exponentially decays along the barrier width. If the barrier is
sufficiently small, the probability density of the carrier at the far end of the
barrier is still large enough to enable the transition of the carrier. Figure 2 shows
the transmission probability T(W) for a rectangular barrier for widths of
w =1 nm and w = 10 nm according to Equation (20). Although the ratio of the
barrier thicknesses is only 1:10, the transmission probability is virtually zero for
the case of the thicker barrier, while it is significantly larger for the thin barrier.
This demonstrates the high sensitivity of the tunneling process to the barrier
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Figure 2. Transmission probability T(W) for an electron at energy W attempting to overcome
a rectangular barrier with a barrier height ¢s in one dimension. The blue line depicts the
probability in the case of a thin barrier of width w = 1 nm while the red line refers to the case
of w=10nm. The energy range W < ¢g is the tunneling domain. Here, the transmission
probability is significantly smaller than 1. Although the ratio of the two barrier widths is only
1:10, the transmission probability is virtually zero for the case of the thicker barrier when
W < ¢g. For W > ¢g, in the domain of thermionic emission, a direct transition across the barrier
without tunneling becomes possible. For these direct transitions, the classically expected
probability is one. This is not the case here due to the wave properties of the carriers. The inset

shows the transmission of a wave with amplitude ¥, and energy W < ¢g through a barrier. The
LAY d¥

particle influx is proportional to j~¥ d__\Pd_. The wave enters the barrier and its
X X

amplitude |‘Po|2 is exponentially decreasing inside the barrier. The transmission probability is

T < 1. The wave is partly reflected, leading to a standing wave of the probability density in
front of the barrier.

width. The transmission probability only becomes significant when the carrier
energy W approaches or exceeds the energy level of the barrier Wg + ¢s.

Note that the analysis of Equation (20) constitutes only a simplified view and
omits several constraints that influence the transmission probability at real
interfaces. First, the effective masses M" at the MS interfaces are
discontinuous, causing additional reflection of waves. Furthermore, the
statistical momentum and the energy distribution of the carriers in three
dimensions must be considered to determine the number of available carriers

17



2 Fundamentals of Metal-Dielectric Interfaces

for tunneling. Only the fraction of carriers that feature a momentum component
towards the potential step can attempt to tunnel. Tunneling is especially relevant
for asymmetric structures that exhibit rectifying characteristics under bias, like
MS interfaces or Zener diodes. Large biases progressively reduce the effective
barrier width. If large enough voltages are applied, the tunneling probabilities
can become so large that the rectifying behavior of the junction disappears, and
the interface behaves like an ohmic conductor.

Thermionic Emission W > W + ¢

Thermionic emission is the direct transition of high-energy carriers across the
barrier, i.e., tunneling is excluded. This is possible if the carrier energy W
exceeds the energy level of the barrier at Wg + ¢ and if the carrier travels in
the direction of the barrier. Hence, only hot carriers can enter the
semiconductor. Considering a hot carrier gas at a single MS interface at
temperature T, the current from the metal into the semiconductor due to
thermionic emission is (page 47 in [10])

m—s —

Jiys = —A*Tzexp(—%j. (21)

In this relation, A* is the effective Richardson constant and depends on the
semiconductor’s effective masses. For a MSM junction in thermal equilibrium
and without external voltages U = 0, the total thermionic emission currents from
all individual MS interfaces and carrier species must be zero,

‘]TE = Z ‘]m—>s =0.
Au-Si, Si-Ti

Classically, all carriers with W >Wg + ¢g would overcome the potential
barrier. However, this is not the case in the quantum domain. The transmission
probability in Figure 2 shows an oscillatory behavior for energies W > Wg + ¢g.
This is due to standing waves that emerge in the barrier, similar to the behavior
of light in a Fabry-Pérot-etalon.

Applying a voltage Ups # 0 to an MSM junction allows to control the relative
thermionic emission current at each MS interface (note: The gate voltage is
Ugs = 0 and there is no carrier injection from the MOS junction). Figure 3 shows
the band structure of an MSM junction with an external bias voltage at the drain-
source contact which is larger than the built-in potential Ups > ¢pi. The Fermi
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energy levels in the metals are now separated by eUps. The band edges of the
silicon are slanted upwards from the gold to the titanium and do not feature any
parabolic bending. The electric field in the silicon is constant across the whole
core E = (Ups — ¢pi)/w. The electron and hole distributions are depicted for each
metal separately. The contribution from each carrier species to the total
thermionic-emission particle current is affected by the shape of the band edges
after the voltage is applied.
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Figure 3. Thermionic emission in a MSM junction at a positive bias voltage Ups. The particle
currents for each carrier species in each metal are depicted. The reference potential is on the
titanium electrode. The band edges in the silicon are slanted due to the voltage. The tilted band
edges affect the ability of carriers in the metals to overcome the barriers and to reach the
opposite metal side. Even high-energy electrons in the gold are blocked from reaching the other
metal: If they enter the silicon, they are repelled back from the electric field into the gold. The
shape of the silicon conduction band edge appears as an additional barrier with an effective
barrier height ¢@aueerr. Electrons have to feature at least an excess energy of
WE + daue + €(Ups—oni) to reach the titanium. Even then, scattering in the silicon will cause
energy loss, further reducing the chances of reaching the titanium. A similar situation applies
for the holes in the titanium, which encounter the effective barrier height ¢rinefr. The holes are
impeded from reaching the gold. Conversely, holes in the gold and electrons in the titanium
are neither affected by the increased effective barrier height nor by scattering inside the silicon.
Neglecting recombination in the silicon, any of those carriers that enters the silicon due to
thermionic emission reaches the metal on the opposite side due to the pull of the electric field.
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Electrons in the gold with an energy W > Wg + ¢gaye Can enter the silicon.
However, the electric field works against their movement and pulls them back
towards the gold. The electron emission is blocked by a new effective barrier
with a height of approximately

¢Au,e,eff = ¢Au,e TEX (U DS ~ Phi ) . (22)

Furthermore, the core width w is larger than the typical mean free path of
carriers in the silicon, such that they scatter and lose their energy. Hence, even
carriers that could provide sufficient energy to overcome the effective barrier
W > @n ¢ et are impeded in reaching the titanium.

Considering the conditions at the entire junction when increasing the applied
voltage, electrons in the gold and holes in the titanium do not contribute
anymore to the total thermionic emission current. The emission currents of holes
in the gold and of electrons in the titanium are not affected.

Photoelectric Emission

Fowler investigated the photoelectric emission from metals into the vacuum and
the dependency of the emission on the photon energy 7w [15]. Electrons in
metals face a potential barrier at the boundary between the metal and the
vacuum, which prevents them from leaving the metal. The barrier extends until
the energy level yo, which is the energy level that carriers need to overcome to
enter the vacuum: An electron in a metal with an initial energy W absorbs a
quantum of light with energy %w and is elevated to a higher energy level
W + Aiw. If the final carrier energy is larger than the total barrier height yo, i.e.,
W + Aiw > yo the carrier can escape the metal and enter the vacuum state. The
work function @y is the energetic separation between the Fermi energy and the
vacuum level. It defines the smallest barrier that electrons must overcome to
leave the metal. The photon energy must be larger than the work function
hw > ¢w to create photoelectric emission, neglecting the spread of the
occupation probability from 0.88 to 0.12 within 4kT =100 meV around the
Fermi energy at room temperature.
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Fowler evaluated the number of electrons Ng with sufficient energy to
contribute to photoelectric emission for a given metal and photon energy 7w.
He considered an electron gas distributed according to the Fermi-Dirac statistics
f(W) in the metal. He assumed a square-root dependency for the density of states
N(W) similar to Equation (6) and integrated the carrier energy distribution
starting from the lowest possible escape energy W > yo — i up to infinity. He
thus found that Ng depends on the work function ¢y, the total height of the
barrier yo and the photon energy zw [15]

0 _ 2
Ng= | N(VV)f(VV)dW~(ha) "’“’)2,2. (23)

Yo—ho (ZO —ho

Fowler assumed that the photoelectric emission current Ip under constant
illumination is proportional to Ng.

We assume that Fowler’s theory for photoelectric emission from metals into
vacuum can also be applied to the case of internal photoemission at a metal-
semiconductor interface. At the MS interface, the electrons have to overcome
the barrier to the semiconductor and enter the conduction band as opposed to
the vacuum level. To account for this difference, we exchange the work function

by the barrier height in Equation (23), ¢y — @g . For internal photoemission,

the total barrier height yo is not a meaningful parameter as it is much larger than
the photon energy o > ho.

Internal photoemission becomes more complex in an MSM junction, because
electrons and holes from either metal may contribute to the overall current, all
of which are subject to different barrier heights. We assume that Equation (23)
still holds for each MS interface individually, but does not describe the total
emission current in the MSM junction. In Chapter 9.2, we describe the
conditions under which Equation (23) can still be applied to analyze
photoelectric currents from Au-Si-Ti junctions.

2.2.3 Carrier Densities in the Silicon Core

We now consider the possible influence of a gate voltage, i.e., the charge carrier
densities n and p in the silicon core of the MSM structure in Figure 1 (a) and
their dependencies on the applied gate voltage are investigated.
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Table 3. Charge carrier densities n and p at the MS interfaces for zero bias,
Ups =0 and Ugs =0. The effective densities of states are assumed to be
Ne=3.2x10%cm2® and Ny=1.8x10®cm3 The temperature is
T =293 K and kT = 25.3 meV.

Interface Charge carrier density

Gold-silicon

n=Ncexp —¢ﬁ_‘|‘_’e —2.6x10°cm™

p =N, exp —¢?_‘;_’h =1.9x10%cm™

Silicon-titanium

n=N¢ exp(— ¢kT+e

J: 7.1x10%cm™3

p=Ny exp[—%j =6.8x10"%cm™

We begin the analysis for the case without any bias (Ups = 0, Ugs = 0). The
silicon core is weakly p-doped with an acceptor concentration of
Na = 10'° cm™. Directly at the interfaces, the carrier densities are distinctively
different to the densities in the bulk silicon. For gold, the barrier heights ¢gaye
and gaun pin the separation of the Fermi energy and the edge of the conduction
band W¢ — Wg = @aye Or the valence band Wy — We = @aun, respectively. The
same relations hold for titanium using ¢rie. and ¢rin. Then, the carrier densities
at the MS interfaces can be directly inferred from the barrier heights in Table 2
and with the Equations (8) and (9). The resulting densities are shown in Table
3. There is a significant hole carrier density present at the Au-Si interface, which
Is due to the small separation of the valence band edge and the Fermi energy.

The analysis for the carrier densities in the bulk silicon core under external
bias is based on numerical simulations. The details thereof are explained in
Section 10.2. The dependence of the carrier concentration in the silicon core is
evaluated in the gate voltage range —10 V < Ugs < +10 V.
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Figure 4. Gate-voltage dependence of the carrier concentration in the silicon core. For all
subfigures, the drain-source voltage is Ups = 1.5 V. The Subfigures (1) through (3) depict the
hole concentration for the negative voltage range, Ugs = 0, -4 V, -10 V, while Subfigures (4)
through (6) show the electron concentration for positive voltages Ugs =0, 4 V, 10 V. The bulk
of the silicon is practically depleted of any mobile carrier concentration for all bias voltages.
Subfigure (1) shows that even for Ugs = 0, there is a weak hole accumulation area immediately
below the gate oxide, which has been highlighted for better visibility with a dashed orange
line. The hole concentration in the highlighted area is between 10%“cm=? and
3x10'® cmd. The peak hole concentration in this accumulation layer is two orders of magnitude
larger than the concentration in the surrounding bulk semiconductor. The carrier concentration
in the channel rises if larger gate voltages are applied so that the channel extends deeper into
the silicon, see Subfigures (2) and (3). For electrons (lower row), the slightly p-doped
semiconductor must be inverted to form a conductive electron channel. The inversion voltage
is around Ugs =4V, see Subfigure (5). At high bias voltages, both the electron and the hole
channel sustain a very high carrier concentration of the order of 10?° cm-3. At such high
voltages, the drain and the source contact are connected by a highly conductive channel.

For the simulation, we assumed a constant drain-source voltage of
Ups = 1.5V, while the gate-source voltage is swept. The results of the
simulation are shown in Figure 4. The Subfigures (1) through (3), upper row,
depict the results for holes and the Subfigures (4) through (6), bottom row,
depict the results for electrons. The simulation shows that there is a channel
with low p-concentration below the gate oxide already at zero gate voltage, see
Figure 4 (1). The conductive channel is established due to a band bending
directly at the Si-SiO; interface, which is present even without any bias. The
hole density in the channel, measured at the center between the source and the
drain contact (y=0nm) and at the interface between Si and the oxide
(x =300 nm) amounts to p = 4.5x10* cm™3. The channel is constrained to the
Si-Si0O; interface. The carrier density drops by one order of magnitude just
20 nm further into the silicon core (x =280 nm). The silicon is otherwise fully
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depleted of mobile charge carriers. The simulation results confirm our
previously stated assumption of low carrier densities in the bulk silicon.

A non-zero gate bias Ugs manipulates the potential ¢(x,y) in the silicon and
controls the carrier densities according to Equations (10) and (11). The
subfigures labeled with (1), (2) and (3) in Figure 4 indicate the evolution of the
p-channel with a progressively stronger negative gate voltage. The negative gate
voltage leads to a hole accumulation at the silicon-gate oxide interface, and the
p-channel extends deep into the silicon core. The channel assumes a wedge-like
shape due to the bias Ups applied between the drain-source contacts. The hole
density at Ugs =10V amounts to p =1.6x10'° cm-3 at the center of the
channel (x =300 nm and y = 0 nm). This constitutes an increase in the charge
carrier density of more than four orders of magnitude as compared to the case
without a gate voltage. As a consequence, the conductivity o =epu of the
channel increases in the same proportion, see Equation (16).

The evolution of the electron concentration for positive gate voltages is
indicated in the bottom row of Figure 4, diagrams (4), (5) and (6). At Ugs =0V,
the only significant electron concentration is close to the source contact while
the electron density is negligible elsewhere. In the range between
0 V< Ugs <t4 V, the electron concentration increases. Above Ugs >4 V, an n-
channel begins to form, which marks the inversion of the p-doped silicon core.
The carrier density and the extension of the n-channel into the silicon increase
with higher gate voltage. At Ugs =10V the electron concentration reaches
n = 1.2x10*° cm-2 at the center of the channel. It features the same wedge-like
shape as the p-channel at Ugs = 10 V, but its orientation is flipped.

To summarize, applying a gate voltage creates a conductive channel below
the gate oxide in the MSM junction. The type of the channel can be selected by
the sign of the gate voltage. The channel increases the conductivity of the MSM
junction by several orders of magnitude, depending on the magnitude of the gate
voltage. A detailed analysis in the Chapters 5 and 11 shows that the opto-
electronic bandwidth of MSM junctions can be significantly increased if
dielectric relaxation comes into play.
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2.3 Surface Plasmon Polaritons

Surface Plasmon Polaritons (SPP) are spatial charge density waves that are
bound to metal-dielectric interfaces. The plasmonic mode ¥ depends on the
frequency w and on the wave vector K ,

P(7,t)="Poexp(jot — jks-T). (24)

The subscript s is either s = m for the propagation in the metal, or s =d for
propagation in the dielectric. Equation (24) can be applied to both, the electric

field ¥, =E, or to the magnetic field ¥, =H , respectively. The dielectric

function &4 in the dielectric is assumed to be constant, and the dielectric function
in the metal em(w) is frequency-dependent. We model the frequency dependence
of the dielectric function in the metal according to a plasma, which consists of
free electrons that can move among spatially fixed ions. The concentration of
ions is N, and the number of free electrons per ion is f.. The plasma is assumed

to be lossless, so that there are no collisions between the charges as they move.
2

The plasma frequency @, = defines the threshold at which charge

gome
density disturbances can propagate in the metal. For smaller frequencies
@ < wp, there is no propagation and the field is exponentially attenuated. The
dielectric function of the metal in this model is (page 12 in [16])

|8
NT DN

em(w)=1- (25)

@
em(w) is negative for frequencies below o < w, and positive otherwise, o > wy.

The inset of Figure 5 shows a plasmonic mode travelling along the
z-direction. The z-components of the propagation constant in the dielectric and
in the metal are f. This propagation constant S depends on the free-space wave
number ko = 21/Ao = w/c and on the dielectric functions em(w) of the metal and
of the dielectric &4 (page 26 in [16]),

gm( )gd
gm(a))+5d

p= (26)
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Figure 5 shows the dispersion relation w(p) of light propagating along the
interface of a dielectric and a lossless metal. The frequency range

O < Oy = p/,/gd +1 is the domain of the SPP (blue line in Figure 5). This SPP
branch of the dispersion relation is very similar to the light line for small

frequencies, where the group velocity is :—;:vd, the speed of light in the

dielectric medium. w =y, is a horizontal asymptote, where the group velocity

approaches 0. There are no propagating modes in the frequency range

oy, <@ <a,, because B becomes imaginary. For @>a,, the dielectric

function of the metal is positive, and £ becomes real again.
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Figure 5. Dispersion relation of light propagating along a metal-dielectric interface. The metal
is assumed to be lossless. The domain of the SPP is defined by the frequency range o < wsp.
The penetration depth of the electric field in the metal and the dielectric is limited, as shown
in the inset. The SPP branch of the dispersion relation is very similar to the light line for small
frequencies, and approaches the horizontal asymptote for w = wsp. There are no propagating
modes in the frequency range wsp <@ < wp. Light is not bound to the interface for
frequencies wp < w.
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The transverse propagation constants kmy (in the metal) and kqy (in the
dielectric) define the electric field decay perpendicular to the direction of
propagation for < ay, (page 26 in [16])

2

Ky = [—0—k, , (27)
Em + &4
2
&
kd,y = d ko . (28)
Emt &y

The quantities 5m=1/‘km,y‘ and 0y :1/‘kd,y‘ are the associated field
penetration depths into the metal and the dielectric, respectively.

In the following, we study the instantaneous electric field distribution of an
SPP mode travelling along an Au-Si interface in z direction. The chosen free
space wavelength is 1o = 1550 nm. We discard the assumption of a lossless
metal and assume dielectric functions according to published values. The
dielectric functions at 1o = 1550 nm are ea, = —-112.7 —j 6.85 [17] for gold, and
esi = 11.7 [18] for silicon, respectively. The metal fills the half-space y < 0 nm,
and the semiconductor fills the half-space y > 0 nm. The interface between the
metal and the dielectric aligns with the x-z plane at y = 0.

The electric field components of the SPP mode ¥'in X, y and z direction are
denominated Ey, E, and E,, respectively. Figure 6 schematically depicts the
electric field distribution for the field component E, normal to the interface and
it depicts the field component E; parallel to the interface. The field component
Ex is parallel to the interface, but normal to the direction of propagation. It is
always zero in this configuration.

The imaginary part of the propagation constant Im(f) determines the

attenuation of the SPP due to absorption losses along the axis of propagation.
The power attenuation constant a and the associated characteristic absorption
length l,ps are defined as

B 1
S 2Im(B)

(29)
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Figure 6. Electric field distribution of the surface plasmon polariton (SPP) for the normal
component Ey and the parallel component E,. (a) An SPP with a free-space wavelength of
Jo = 1550 nm travels along the z-direction of an MS-interface made of Au and Si. The metal
fills the half space y < 0 nm, and the semiconductor fills the half space y > 0 nm. The metal is
highlighted by the golden shading. The field strength in the semiconductor of Ey (normal to
the interface) is strongest directly at the interface. The field strength in the metal is significantly
less and barely visible in comparison to the field in the semiconductor. The lateral field
penetration depths into the materials are very small compared to the wavelength Ao. The field
decays exponentially into the materials (in y-direction), with different penetration depths
dm = 1/|km| (in the metal) and 64 = 1/|kd| (in the semiconductor). This decay of the normalized
magnitude of Ey is drawn in blue for the semiconductor and in red for the metal. The field
amplitude along the axis of propagation is exponentially attenuated due to absorption in the
metal. The field decay in the direction of propagation is highlighted by the yellow outline. (b)
Evolution of Ey along a cut line normal to the MS-interface. The electric field changes the sign
at the interface due to the imposed continuity of the electric displacement field Dy. Virtually
all the field is concentrated in the semiconductor (blue line). The field strength in the metal
(red line) is significantly smaller, and the penetration depth is shorter than in the
semiconductor. (c) Evolution of E; along a cut line normal to the MS interface. The electric
field has the same sign in the metal and the semiconductor, due to continuity of the tangential
electric field component.

The field distributions for the normal component Ey in Figure 6 (a), (b), and
for the longitudinal component E; in (c) indicate a strong field concentration at
the interface. The lateral extension of the SPP field travelling along an Au-Si
interface is given by the combined field penetration depths, resulting in
Om + 04 =~ 260 nm (see Table 4 for details). This is much smaller than the free-
space wavelength of 4o. The SPP is attenuated along the propagation direction,
and the power attenuation length is close to lps = 13 um. The electric field
component Ey normal to the interface has a sign change across the interface due
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to the continuity of the normal component of the electric displacement field
Dy = ¢Ey. The field strength in the metal nearly vanishes compared to the field
strength in the semiconductor.

Table 4 compares the penetration depths and the power attenuation lengths
of a Au-Si interface and a Ti-Si interface, respectively, considering a free-space
wavelength of Ao = 1550 nm. A comparison of the two configurations shows
that the field penetration into the metal for the Ti-Si interface is much larger and
hence the attenuation in the direction of propagation is stronger. Specifically,
the characteristic length is only 0.2 um for the Ti-Si interface, while it is 13 pm
for the Au-Si interface. These very short characteristic lengths are a key element
of the photodetection concept developed in this work, see Section 4.2.

The large absorption losses of SPP by interaction with the metal are generally
seen as a disadvantage of plasmonic devices. However, photodetectors are
designed to absorb light as efficiently as possible. The loss property of SPP is
ideally suited for a plasmonic photodetector scheme that exploits internal
photoemission: The field strength in the metal is the largest directly at the metal-
dielectric interface. Hence, the light absorption is the strongest there, too. The
light penetration depth into the metal is typically only a few nanometers. This
penetration depth is within the reach of the mean free path length of hot carriers.

Table 4. Penetration depths 6, and o4 of the SPP electric field, and
characteristic length l,s for an Au-Si configuration and a Ti-Si configuration
at a free space wavelength of 4o = 1550 nm. The numerical evaluation is based
on the Equations (26), (27) and (29) and the dielectric functions for Au [17]
und Ti [18].

Interface Field penetration 6, Field penetration dq Labs
Au-Si 24 nm 235 nm 13.3 um
Ti-Si 84 nm 148 nm 0.2 um
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The absorption thus creates hot electrons and holes so close to the interface that
the hot carriers may overcome the potential barrier at the interface of the metal
and an adjacent semiconductor by tunneling or by thermionic emission.
Furthermore, if the hot carriers do not overcome the barrier directly, they
thermalize and create a heated carrier gas, which in turn is able to create a carrier
flow by the same mechanisms. The Chapters 4 and 5 discuss how plasmonic
structures can be designed to simultaneously achieve record high sensitivities
and large opto-electronic bandwidths. Section 8.2 discusses the light coupling
from photonic to plasmonic waveguides and the resulting absorption
characteristics.

30



3 State of the Art in p-i-n Photodetectors

Photodetectors are solid-state devices that transfer light signals with optical
power Pqy to electric currents I,. They are key elements of optical interconnects,
where they represent the interface between the optical and the electronic
domain. The operation principle of photodetectors relies on free carrier
generation by light absorption at a given optical wavelength A. The carriers are
always generated as electron-hole pairs and increase the conductivity of the
absorptive material. The rate of photo-generated electrons equals the rate of the
absorbed photons,

I P
_p:no_pt_ (30)
e ho

ho is the energy of a photon at an angular frequency «. The quantum
efficiency » depends on the absorption characteristics of the detector material
and the length of the device. Upon generation, the mobile carriers are separated
in strong electric fields and drift to the device terminals, where the photocurrent
transits to the external circuitry.

The key technical performance indicators for photodetectors are:

1. The opto-electronic sensitivity S (or responsivity R), which defines the
efficiency of the optoelectronic conversion. It is given by the ratio of the
photocurrent Ip leaving the device and the optical power Pgy: impinging
on the detector.

s—_p 1 (31)
Popt ho

2. The opto-electronic bandwidth is a measure of the maximum useful
operating frequency fno. It indicates to which degree the output
photocurrent of the detector can follow a sinusoidally modulated optical
power signal with a given modulation frequency fnog. The transfer

function H ( fmod) relates the frequency-dependent photocurrent Ip(fmoq)
to a modulated optical input power Popi(fmod),

H ( fmod)=L”‘°")- (32)

I:)opt ( fmod )
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At fog = 0, the transfer function is identical to the DC sensitivity. The
3 dB limiting frequency fsgs mog iNdicates where the transfer function has

H(faommoa)| _ L ¢t initial value at DC. It is used as a
H (0) J2

figure of merit (FOM) for the bandwidth. The bandwidth is directly

linked to the carrier dynamics within the detector. Typical Si/Ge

photodetectors reach bandwidths in the range between 10 GHz and

100 GHz [19].

decreased to

. The noise equivalent power (NEP) is the optical input power per square-

root of the measurement bandwidth «BW that creates an electric signal
with a power equivalent to the electronic noise of the device, i.e., the
signal-to-noise-ratio (SNR) is 1. The NEP is a measure to which extent
the photodetector is useful in handling weak optical signals. The NEP is,
e.g., dictated by thermal noise of the resistive elements (Nyquist
noise [20]) in the photodetector circuits, which is caused by the statistical
movement of carriers, and which may be further increased by amplifiers
within the circuit.

A hypothetical ideal photodetector combines high sensitivity and high

bandwidth and low noise levels. When considering chip-level optical
interconnects, photodetectors should furthermore only require small footprints
and fabrication should be suited for seamless integration into CMOS fabrication
workflows.

p-i-n Photodetectors

High-speed p-i-n photodetectors constitute the state of the art in optical
communication technology and serve as a benchmark for comparison with the
photodetector concept developed in this work. To this end, the key device
characteristics and typical performance parameters shall be discussed in this
section.
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Figure 7. p-i-n and UTC photodetector structure and operating principle. (a) The intrinsic
region of a p-i-n detector has a width w and is sandwiched between two regions with a high p-
or n-doping. Light impinges onto the device, penetrates into the semiconductor, and creates
electron-hole pairs by absorption. (b) p-i-n band diagram under reverse biasing. A positive
voltage U is applied to the n-layer. The external reverse voltage U leads to a potential drop
mainly across the intrinsic region. Photogenerated carriers drift to the terminals under the
influence of the electric field. The width of the device and the saturation velocity vsa of each
carrier type limit the bandwidth of the device. (c) Band diagram of a UTC photodiode. Carriers
are created in the very thin absorbing layer only. The band gap is too large for absorption in
all other layers. Electrons diffuse into the collection layer and drift towards the n-layer. Holes
cannot enter the collection layer due to an offset in the valence band and diffuse towards the
p-layer. A diffusion-blocking layer introducing an energy offset in the conduction band
prevents electrons from diffusing towards the negative terminal. This avoids long drift
distances of the slower holes in the collection layer and leads to very high operating
frequencies.
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Figure 7 shows a schematic of a typical p-i-n detector structure and its
operating principle. The detector consists of a p-doped (“p”), an undoped
(intrinsic, “i””) and an n-doped (“n”) layer, Figure 7 (a). The terminals of the
device are attached to the p-layer and the n-layer. A reverse bias voltage U leads
to a potential drop mainly across the intrinsic region and extracts the
photocarriers, see Figure 7 (b). To enable the highest dynamic response, the bias
voltage U is chosen such that the carriers drift with their saturation velocity V.
Increasing the voltage further does not increase the bandwidth of the detector.
The photocurrent transits through the p-doped and n-doped regions and exits
the device through the terminals.

The undoped intrinsic domain has a typical width from ~ 1 pum (for I11-V
compound semiconductors) to ~10 — 20 pum (for silicon). This width is chosen
according to the light absorption characteristics and the requirements for high-
speed operation: If the p- and n-layers are too close to each other, the quantum
efficiency is low, and the bandwidth will be limited by the large capacitance of
the junction. If they are too far apart, the drift time of carriers within the i-region
will limit the bandwidth.

The material-specific absorption coefficient of the semiconductor defines the
wavelength band of operation. Table 5 summarizes the performance parameters
for various photodetector material systems.

Table 5. Photodetector material systems and typical operating parameters.

Material system / Type Operating range Peak sensitivity
Si p-i-n 320 nm — 1100 nm 0.7 AIW
Ge p-i-n 800 nm — 1800 nm 0.85 A/W
InGaAs p-i-n 900 nm — 2550 nm 1.3 A/W
InP/InGaAs UTC 1550 nm ~0.3 A/W

A major drawback of p-i-n detectors is the bandwidth limitation imposed by
the slower carrier species, i.e., the species with the smaller saturation velocity
Vsat. An optical impulse creates electron-hole pairs in the intrinsic region of
width w. The photocurrent is measurable at the device terminals as long as
charges flow inside the device. The movement of the slower carriers (typically
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holes) limits how fast the device can react to the optical impulse. Furthermore,
the concentration of both carrier species reduces the internal field, which is
detrimental to the bandwidth.

Uni-travelling-carrier (UTC) photodiodes overcome this limitation by
restricting the drift of the slow carrier species. Figure 7 (c) schematically shows
the band diagram of a UTC photodiode. Photocarriers are only generated in the
absorbing layer, whose width is typically in the order of a few 100 nm. The
collection layer is non-absorbing due to the large band gap and serves for
extracting the photogenerated carriers.

The UTC design in Figure 7 (c) assumes that electrons are the faster species
in the material system. The electron-hole pairs are created within the strongly
doped absorbing layer. Due to the strong doping, the electric field is weak and
the carriers move by diffusion only. The conduction band edges of the absorbing
layer and the collection layer are designed to align well such that photo-created
electrons can move easily across the domain boundary. The electrons drift
through the collection layer towards the n-layer. The holes cannot enter the
collection layer and diffuse only towards the negative contact.

The excelling high-speed capabilities of UTC are due to the specific design
of the layer stack: The width of the non-absorbing collection layer is designed
such that the p- and n-layers are sufficiently separated, and capacitive
limitations of the bandwidth do not become an issue. Furthermore, the
collection layer is specifically designed to provide a high electron saturation
velocity, which is the main reason for the very high device speed. The absorbing
layer is kept short to offer a fast diffusion of holes towards the negative contact
at high carrier densities. A diffusion-blocking layer prevents electrons from
diffusing towards the negative contact. However, the absorbing layer must still
be designed wide enough to ensure a sufficiently high absorption and detector
responsivity.

UTC are typically designed for a specific operating frequency. This is
necessary to accommodate the constraints imposed by the hollow metal
waveguides used for connecting the UTC to external electronics. Typical UTC
designs for an operation frequency of 300 GHz reach sensitivities between
0.2 and 0.3 A W1[21-23].
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In this chapter, a novel photodetection concept based on internal photoemission
is introduced, which we abbreviate with PIPED. The photodetector clearly
outperforms similar device concepts, and we show that PIPED are technically
viable for chip-to-chip interconnects operating at high speeds and with a high
integration density.

We have published this chapter as a paper in Optica [J6]. The formatting has
been adapted to fit the general format of this thesis. The paper was published
with a supplementary information, large parts of which can be found in the
appendix in Chapter 8. Parts of the paper were presented in a talk on the Conf.
on Lasers and Electro-Optics [C24]. The fabrication steps were presented in a
talk on the Conference on Micro and Nano Engineering [C28].

The author of this dissertation developed the PIPED device concept together
with Manfred Kohl, Christian Koos, Juerg Leuthold and Wolfgang Freude. The
author fabricated the devices in the clean rooms of the Institute of
Microstructure Technology (IMT) and the Institute of Nanotechnology (INT).
The fabrication was supported by Kira Koehnle and Peter Jakobs for the
electron-beam lithography. Alban Muslija and the author optimized and applied
the dry etching steps. Paul Vincze and the author developed and applied the
metallization process at grazing incidence. Yuriy Fedoryshyn supported the
fabrication with consultation. The DC-measurements were conducted by the
author, Argishti Melikyan and Tobias Harter. The high-frequency
measurements and data experiments were additionally supported by Stefan
Wolf. The author performed the numerical simulations. The project was
supervised by Wolfgang Freude, Juerg Leuthold, Christian Koos and Manfred
Kohl. The author and Manfred Kohl, Christian Koos and Wolfgang Freude
wrote the paper. All authors revised the paper.
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Abstract: Silicon-plasmonics enables the fabrication of active photonic circuits
in CMOS technology with unprecedented operation speed and integration
density. Regarding applications in chip-level optical interconnects, fast and
efficient plasmonic photodetectors with ultra-small footprint are of special
interest. A particularly promising approach to silicon-plasmonic photodetection
is based on internal photoemission (IPE), which exploits intrinsic absorption in
plasmonic waveguides at the metal-dielectric interface. However, while IPE
plasmonic photodetectors have already been demonstrated, their performance is
still far below that of conventional high-speed photodiodes. In this paper, we
demonstrate a novel class of IPE devices with performance parameters
comparable to those of state-of-the-art photodiodes while maintaining
footprints below 1 pm2. The structures are based on asymmetric metal-
semiconductor-metal (MSM) waveguides with a width of less than 75 nm. We
measure record-high sensitivities of up to 0.12 A/W at a wavelength of
1550 nm. The detectors exhibit opto-electronic bandwidths of at least 40 GHz.
We demonstrate reception of on-off keying (OOK) data at rates of 40 Gbit/s.
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4 High-Speed Plasmonic Photodetectors

4.1 Introduction

Chip-level optical interconnects are key to overcome communication
bottlenecks in high-performance computing systems [1]. To achieve high data
rates and energy-efficient operation, the corresponding transmitters and
receivers must be seamlessly co-integrated with CMOS electronics. This is
currently impeded by vastly different footprints of electronic and photonic
components: Whereas state-of-the-art field-effect transistors can be
fabricated [3] with a half pitch of less than 14 nm, typical dimensions of
photonic devices amount to tens or even hundreds of micrometers. Plasmonics
enables a large reduction of these dimensions by exploiting charge-density
oscillations that are strongly confined to metal-dielectric or metal-
semiconductor (MS) interfaces [16], thereby leading to short carrier transit
times and ultra-small device capacitances. In combination with the large
conductivities of metals, any RC limits are hence shifted to very high
frequencies, which leads to unprecedented operation speeds [24]. At the
transmitter side, ultra-compact plasmonic modulators operating at data rates of
40 Gbhit/s and beyond have been demonstrated recently [25, 26]. For the
receiver, however, miniaturized plasmonic photodetectors with technically
relevant performance still remain to be shown. Previous demonstrations cover
photodetectors which exploit passive plasmonic nanostructures for
concentrating the incident light to an ultra-small area of an absorbing
semiconductor such as germanium [27, 28]. In these approaches, measured
sensitivities (responsivities) are typically less than 0.001 A/W due to the limited
efficiencies and the intrinsic absorption losses of plasmonic light concentrators.
In an alternative approach, the intrinsic absorption of metal can be directly used
for photodetection. This is accomplished by internal photoemission (IPE) which
exploits photon-assisted transmission of hot carriers across a potential barrier at
MS interfaces [15, 29]. Propagation of surface plasmon polaritons (SPP) in
plasmonic waveguides is ideally suited for realizing such devices as the
plasmonic mode is strongly localized at the MS interface and hence perfectly
concentrates the light to the region where absorption leads to the highest
generation rate of photo-electrons. The potential of IPE has been demonstrated
in several different plasmonic devices, including resonant plasmonic antennas
or nano cavities [30-32] and metal-coated silicon waveguides [33-36].
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However, the sensitivity of IPE-based photodetectors has so far been limited by
the width of the potential barrier that optically excited hot carriers need to
overcome. Highest reported sensitivities amount to only 0.019 A/W at a
wavelength of 1550 nm [35] — more than one order of magnitude below those
of state-of-the-art waveguide-integrated germanium PIN or avalanche
photodiodes [19, 37, 38]. Moreover, the bandwidths of these devices are limited
to 7 GHz by relatively long drift regions of more than 2 um.

In this paper, we introduce and experimentally demonstrate a novel approach
to exploiting internal photoemission for photodetection. For brevity, we name
the resulting device a PIPED, an acronym for plasmonic internal photoemission
detector. Our PIPED combines record-high sensitivities of more than 0.12 A/W
at 1550 nm with large opto-electronic bandwidths well above 40 GHz. We
prove the viability of this concept by receiving on-off keying (OOK) data at a
rate of 40 Gbit/s. This is the first demonstration of data transmission at
technically relevant bit rates using plasmonic IPE detectors. This superior
performance is due to a nano-scale silicon drift region of only 75 nm width,
sandwiched between two metal layers with distinctively different light
absorption characteristics and Schottky barrier heights. This leads to an ultra-
narrow potential barrier and to short transit times under the influence of an
external bias voltage. Further simulations and measurements imply that with an
optimized coupling approach the sensitivities can be increased at least by a
factor of two.

4.2 Operation Principle

The energy band diagram of the Au-Si-Ti photodetector junction is sketched in
Figure 8. The junction forms a metal-semiconductor-metal (MSM) light
waveguide that guides surface plasmon polaritons (SPP) along the z-direction,
which is perpendicularly to the drawing plane of Figure 8. The silicon core has
nano-scale dimensions in the order of w = 100 nm and constitutes a potential
barrier between the metals, thus impeding any charge transfer. The silicon core
is weakly p-doped with an acceptor concentration of na = 10*° cm=. The SPPs
dissipate their energy mainly at the Si-Ti interface, because titanium has a larger
magnitude of the imaginary part of the complex permittivity ¢ =¢&; —j &, than
gold at a wavelength of A=1550 nm (eri=1.6—j30.56 [18],
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eau =—112.7 — ] 6.85 [17]). The SPP absorption length along the z-coordinate is
below 1 pum (see supplemental Figure 24), therefore the junction length is not
truly important and can be chosen in the range L = (1..20) um, depending on the
requirements for the dark current. The absorbed plasmonic wave with angular
frequency w creates hot electrons in the metal within a few nanometers from
the interface. The maximum carrier energies exceed the Fermi energy by 7w,
Figure 8 (a). These hot electrons have an increased probability of crossing the
potential barrier at the metal-semiconductor interface either by thermionic
emission or by tunneling, where the tunneling probability depends on the height
of the potential barrier and on its width at a given carrier energy [39]. This
process is known as internal photoemission [29]. The barrier heights are
assumed to be @, =0.82 eV [12] and @i = 0.62 eV [14] for the Au-Si and the
Si-Ti interface, respectively. This establishes a built-in potential difference
across Si core of about ¢p =0.2V in thermal equilibrium (Figure 8 (a)).
Without external bias, ¢y impedes electron photoemission from the highly
absorbing Ti into the Si layer, and no significant current flow can be measured.

A positive potential exceeding U = ¢y, is required at the Au electrode to
enable photoemission from the Ti layer which is on zero potential, see Figure
8 (b). The silicon layer is much smaller than the depletion layer width of either
MS interface due to the weak doping [40]. Hence, the external voltage
dominates the voltage drop across the silicon layer for large bias and a constant
electric field is present, indicated by a linear increase of the conduction and the
valence band energies W¢ and Wy, along y. The effective barrier width w’ at the
Si-Ti interface is consequently reduced, and thus the transmission probability
of hot electrons is increased. For a silicon core width of w=75nm and an
applied voltage of U = 3V (or U = 1 V), the effective barrier width for electrons
at the Fermi-level in titanium is reduced to w’ = 17 nm (or w’ =58 nm). The
effective barrier width for hot electrons is even smaller and progressively
decreases to zero for increasing electron energies, leading to a much larger
sensitivity than measured with other IPE-based photodetectors.
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(a) U=0

A
w Au

Figure 8. Energy band diagram of an Au-Si-Ti junction. Energy W, lateral direction y as in
Figure 9 (b). The silicon layer of width w constitutes a potential barrier impeding charge
transfer between the metals. The energy of the Schottky barrier heights are @, and @i,
respectively. Wc denotes the silicon conduction band edge and Wy is the valence band edge.
The junction is capable of guiding light in the form of surface plasmon polaritons (SPP), which
are mainly absorbed at the Si-Ti interface. Absorbed SPP create hot electrons with a maximum
energy of iw above the Fermi energy We. (a) Thermal equilibrium, no bias voltage. The built-
in potential @pi leads to a constant negative electric field along the y-axis inside the silicon
layer. Hot carriers created by light absorption at the Si-Ti interface are impeded to cross the
barrier by the built-in field. (b) Non-equilibrium under applied forward bias voltage U, counted
positive in the direction Au — Ti. The voltage drops across the silicon layer. For U > ¢y the
barrier width w is reduced to an effective width w’, thereby increasing the emission probability
across the barrier. The section A-A corresponds to associated sections in the device schematics
of Figure 9 (b).
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Furthermore, the large electric field inside the Si enables high drift velocities.
The device structure of the detector is sketched in Figure 9 (a) and (b). Near-
infrared light is launched from a silicon photonic strip waveguide into the SPP
waveguide junction. The silicon is tapered down from a width of 400 nm in the
photonic waveguide to a width of w = (75 .. 200) nm at the MSM junction. The
tapered section has a length of 0.55 um and converts the photonic mode to a
plasmonic mode [41]. The silicon core of the detector is wider at its base than
at its top as a consequence of the fabrication process. A SiO; hard mask used
for etching the silicon core and a metal top cover are not removed after
fabrication. The metal thicknesses on either side of the MSM waveguide are
t =40 nm. As an example, Figure 9 (c) and (d) show devices with w =200 nm
and a device length of L =1 um. Thus, the active parts of the device consume
less than 1 pm? of chip area.

To assess the limitations of the operating speed, we consider several effects:
The hot-electron lifetime in metals [42] is only a few 100 fs, which defines the
time interval in which transitions from the metal to the semiconductor can
occur. The carrier drift time through a 75 nm thick semiconductor layer takes
only about 750 fs, assuming a saturation drift velocity [40] of 107 cm/s.
Similarly, the capacitance of the MSM junction can be estimated based on an
equivalent parallel-plate capacitor C across the semiconductor region.

With a metal height of 275 nm, a device length of L =5 pum and a silicon
width of w = 75 nm, a capacitance below C = 2 fF is obtained. This value does
not take into account the capacitance of the contact pads. Based on this, an RC
time constant of only 100 fs can be estimated by assuming a resistor with
R =50 Q in the bias circuit as depicted in Figure 9 (a). Hence, all these estimates
lead to bandwidths of at least several hundred GHz, indicating that compact
IPE-based detectors have the potential to overcome existing speed limitations
of conventional photodetectors.
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(a) (b)

Top cover

Si photonic Photonic to plasmonic

waveguide mode converter Si core y

Top view

Figure 9. Detector structure and operation principle. (a) Light is coupled from a Si photonic
waveguide to the Au-Si-Ti junction, which is biased with the external voltage U. Absorbed
SPPs generate hot electrons which are transferred between the adjacent metals. The section
A-A indicates the regions in which the band diagrams in Figure 8 are drawn. (b) Schematic of
the detector junction with length L. The Si core is sandwiched between two metal layers (Au,
Ti) of thickness t. The silicon core has a height of 300 nm and is wider at the base than at the
top as a consequence of the fabrication process. The core width at the top is denoted as w. The
SiO; hard mask on top of the Si and its Au cover result from the fabrication process and are
only shown in the back half of the structure. (c) Cleaved facet of fabricated Au-Si-Ti junction.
Due to cleaving, the Au cover on the thermally grown SiO» hard mask has partially detached.
(d) Top view of a plasmonic detector. The red arrow denotes the light propagation direction.
The Au-Si-Ti junction is hidden below the hard mask and the top metallization.
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4.3 Detector Fabrication

The fabrication of asymmetric MSM junctions with a silicon width below
100 nm is challenging, because a short circuit between the electrodes must be
avoided. We use electron-beam lithography and isotropic Si etching with SF to
create the Si core. Details of the fabrication process are given in the
Supplementary Information, see Figure 26. As a first step, a hard mask is
structured by using thermally oxidized silicon. By masking and etching, the
Si0O; is removed outside the plasmonic section, leaving a “tabletop” structure
above. The silicon sidewalls are selectively metallized by directional
evaporation virtually normal to the sidewalls. During metallization, the hard
mask prevents a short circuit (see Supplementary Information for details), and
silicon widths of 75 nm become feasible. For testing, we fabricate a set of
silicon-on-insulator (SOI) chips with different Au-Si-Ti junctions, establishing
various PIPEDs with lengths of L = (1..20) um and silicon core widths of
w = (75 .. 200) nm.

4.4 PIPED Characterization

In the following, we report on the results obtained from four different PIPED,
which we denote PIPED #1 .. #4. An overview of the physical device properties
and the measured performance parameters is given in Table 6. For the sample
design and in the fabrication process, we covered a large region of the parameter
space, and we optimized the devices for various design goals: The ultra-narrow
detector cores of PIPED #1 and #2 were used to demonstrate the high
responsivities and the linearity of the device. PIPED #3 is most suitable for
polarization contrast measurements, as both polarizations couple with a similar
efficiency to the core for this detector width (see Section 4.5). PIPED #4
exhibits the longest carrier drift length and hence was used to demonstrate the
high opto-electronic bandwidth, even for the worst-case of a large device. Not
all experiments could be done with all devices, as they were driven to their limits
and partially damaged during the experiments by applying high bias voltages,
or they deteriorated by oxidation of the (not yet protected) titanium. Oxidation
can be inhibited by coating the samples with an oxygen-blocking layer [43].
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Table 6. Properties of PIPED samples #1..#4 (N. A.: not available)

Widthw LengthL  Sensitivity Band- Data Exp.

S(1550 nm) width

#1  75nm 5um 0.019 A/W (1V) N. A. N. A.
0.043 A/W (2V)
0.126 A/W (3.25 V)

#2 75nm 5um 0.042 A/W (1 V) N. A. 40 GBit/s
0.102 A/W (2 V) (1V)

#3 150nm 4 pum 0.014 A/W (1V) N. A. N. A.
0.027 AIW (2 V)

#4  200nm 20 um N. A. >40 GHz N. A

The diffraction gratings we used for light coupling excited the photonic
waveguide mode with a dominantly horizontal electric field component (see
Section 3 in the supplemental material). The total current through the device |
comprises a dark current Iy depending only on the bias voltage U, and a
photocurrent I,. The photocurrent increases linearly with the incident optical
power P, and the sensitivity S = I,/P depends on the applied voltage such that
I, = S(U) P, whichis in contrast to conventional p-i-n-photodiodes. Dark current
ls and photocurrent I, of PIPED #1 (w = 75 nm, L = 5 pm) are characterized at
a wavelength of 1550 nm. The total current | = I, + I4 is measured as a function
of laser power P and external DC-bias voltage U (positive polarity from Au to
Ti). Figure 10 (a) shows the mean of two subsequently measured I-U
characteristics of a detector without and with illumination at a power of
P =310 uW. Both the gold and the titanium electrodes are capable of charge
carrier emission into the silicon core. Depending on the sign of the bias voltage
U, the resulting current can be positive or negative. As expected, the magnitude
of the photocurrent is significantly larger for a positive bias U > i, which
facilitates photoemission across the small potential barrier for electrons
generated at the highly absorbing Si-Ti interface.
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(a) PIPED #1, .. = 15650 nm, P = 310 pW
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Figure 10. Photodetector DC characterization for PIPED #1 and #2 (L =5 pum and width
w =75 nm). (a) Total current | for an incident laser power of P = 310 pW and dark current Iq
as a function of the external (bias) voltage U. For voltages U > i, the photocurrent is positive,
corresponding to carrier injection from the Ti. The photocurrent grows exponentially beyond
U =1V. The insets show a semi logarithmic plot of dark and photocurrent as well as the
corresponding sensitivity S = I,/P, exceeding S > 0.12 A W-! for a bias voltage of U = 3.25 V.
The dashed line in the left inset separates the dark current into regions of different exponential
growth. As this particular behavior is not present in the photocurrent, we exclude the presence
of avalanche multiplication. (b) Total device current | vs. laser power P for various bias
voltages. The laser power P is measured at the input of the photonic-to-plasmonic mode
converter. The filled circles denote the measurements; the solid lines represent linear fits to the
measured data.

The left-hand side inset of Figure 10 (a) shows a semi-logarithmic display of
photocurrent I, and dark current Iy, and the inset to the right displays the
sensitivity S. For U> 1V, the sensitivity increases exponentially with
increasing bias voltage. No saturation is observable. In particular, a positive
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photocurrent of I, = 38 pA is measured for an optical input power of 310 pW
and a bias voltage of U=3.25V. This corresponds to a sensitivity of
S =0.12 A/W, which is more than a factor of 6 higher than the sensitivity of
other IPE-based photodetectors [32, 35]. Furthermore, the sensitivity is of the
same order of magnitude as values typically measured for comparable state-of-
the-art waveguide-based SiGe devices [19, 37, 38]. The steep increase of
S=1,/P for bias voltages @, <U<1V is caused by the fact that the
transmission probability of electrons across the Ti-Si-interface is sensitive to
the distinct shape of the potential barrier. A detailed quantitative model is
subject of ongoing investigations. Figure 10 (b) shows the total current
| =1, + 14 = S(U)P + 14 as a function of the optical input power for the element
PIPED #2 (w=75nm, L =5 um). Parameter is the bias voltage. The linear
increase of the current with the optical power indicates that the measured
photocurrent is due to internal photoemission [15] and not to two-photon
absorption in silicon [44]. To examine the influence of carrier multiplication by
impact ionization in silicon, we consider the dominant ionization coefficient «;
for electrons. For the maximum bias U =3V (or at U = 1 V) the electric field
strength is E=U/w=3V/75nm=40V/pm (or E=1V/75nm=13V/um).
The corresponding electron ionization coefficient in silicon amounts to
a; =3um™ (or o; =103 pum™) [40]. This leads to ionization probabilities of
ow=0.23 (or ow=0.075) inside the silicon core. The resulting avalanche
multiplication factor My =exp(e;w)=1.25 (or M,=1.08) is only slightly
larger than one, which shows that avalanche multiplication cannot contribute
significantly. This finding is supported by comparing the photocurrent I, to the
dark current lq, see left inset of Figure 10 (a). The logarithmic plot of the
photocurrent is essentially a straight line for bias voltages 1 V<U<3.25V,
while the dark current characteristic has two distinct slopes in the regions
1V<U<2Vand2V<U<3.25V. This cannot be explained with avalanche
multiplication, which acts alike on thermally generated carriers and on photo-
generated carriers. Note that the current-voltage characteristics do not follow
conventional formulae for MSM-type devices due to the narrow width of the
junctions. A detailed quantitative model is subject of ongoing investigations.
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4.5 Optical Coupling and Photocurrent Polarization
Dependence

The coupling of optical fields to plasmonic MSM-type waveguides is strongly
polarization-dependent [16]. Hence, the photocurrent is expected to show a
strong contrast between the situations where optical fields with dominantly
vertical or dominantly horizontal electric field components are absorbed. Only
horizontally polarized optical fields can couple to a pure MSM junction with
vertical metallic side walls. To explore the polarization dependence of the
photocurrent, we cleaved an SOl chip with PIPED #3 (w =150 nm) and
accessed the photonic waveguides from the chip edges using polarization
maintaining (PM) fibers. The slow polarization axis of the fiber is aligned with
the surface normal of the photonic chip. The orientation of the linear
polarization coupled into the PM fiber is then controlled with a half-wave plate,
see Supplementary Information for experimental details. The half-wave plate is
rotated corresponding to a full 360° revolution of the incoming electric field
vector. The linear polarization state at the fiber input is characterized by an
angle © between the polarization direction and the slow axis of the PM fiber.
Figure 11 (a) shows the photocurrent, which is measured as a function of this
angle ©. Note that, due to the strong birefringence of the PM fiber, only the
photocurrents at polarization angles of ® =90° x n, withn=0, 1, 2, ... belong
to linear polarization states at the chip input, whereas unknown elliptical
polarization states are obtained for any other @. Angles of @, =0°, 180°
correspond to a dominant vertical electric field component E,, and angles of
O =90°, 270° correspond to a dominant horizontal electric field component E..
The photocurrents I, for vertical electric field alignments at angles ©, are nearly
two times as large as the currents Iy, for horizontal electric field alignments at
angles 6.
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Figure  11. Polarization
dependence of photocurrent and
simulation of optical fields for
PIPED #3 with w =150 nm. (a)
Photocurrent I, as a function of
angle © between the direction of
the linear polarization at the fiber
input and the slow axis of the PM
fiber with forward bias (blue) and
reverse bias (red). The surface
normal of the photonic chip is
aligned in parallel to the slow axis
of the PM fiber. The angles
Oy = 0°, 180°, 360° correspond to
a dominant vertical electric field
component Ey, and &, = 90°, 270°
correspond to a dominant
horizontal electric field component
Ex. The insets illustrate the
respective electric fields in the
photonic waveguide. (b) Electric
field magnitude at the input of the
silicon core, indicated by z=0
in (a), after coupling from a
photonic mode with a dominantly
horizontal electric field
component. The light is localized
in the Si core. (c) Electric field
magnitude at the input of the
silicon core (z = 0) after coupling
from a photonic mode with a
dominantly vertical electric field
component. Light is localized in
the SiO, hard mask. Both field
distributions deposit the optical
power efficiently in the Ti, see
Table 7.
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This is surprising at first sight, and needs a detailed investigation of the
optical coupling for either polarization. To this end, we use a three-dimensional
finite-element method and simulate the coupling of the photonic waveguide
modes (dominant Ex or dominant Ey) to the plasmonic photodetector. Figure
11 (b) and (c) show cross-sections of the normalized electric fields in the x-y
plane at the input of the silicon core of width w =150 nm, directly at the
interface between the core and the tapered mode converter, denoted as
z=0in (a). The optical coupling efficiencies ny Of the dominantly vertically
or dominantly horizontally polarized fields are given by referring the power at
the input of the silicon core (z=0) to the total power Py propagating in the
photonic waveguide. These coupling efficiencies ny = 0.57 and n, = 0.50 are
essentially similar for this detector width and hence, the influence of light
absorption in the mode converter on the photocurrent polarization contrast can
be neglected. However, the field distributions for both polarizations differ
considerably. Figure 11 (b) shows that the dominantly horizontally polarized
photonic input field mainly couples to the Au-Si-Ti junction and that the field
Is concentrated inside the silicon core between the two metals. In contrast to
that, the dominantly vertically polarized photonic input field cannot couple to
the Au-Si-Ti junction as such a mode is not supported by the MSM plasmonic
waveguide. However, the junction has a SiO, hard mask and an Au top cover,
which are residuals from the fabrication, see Figure 9 (c) and (d). This layer
sequence constitutes an MS interface that supports an SPP mode that couples
well to the vertically polarized field of the photonic waveguide. This plasmonic
mode confines the electric field to the SiO, hard mask.

The light absorption in the metals depends on the respective optical field
overlap and the imaginary part of the permittivity. The local absorption is in
proportion to Im(e)x|E[*. While the optical power concentrates on the side of the
gold, the field penetration is so small (due to the high conductivity of gold) that
absorption as compared to the absorption in titanium is negligible, even if the
field strength at the titanium side is small. Table 7 gives an overview of the
absorbed power fraction inside the mode converter and inside the detector core
for each input polarization. The absorption in the Ti is eight times larger as in
the Au for both polarizations, even for a relatively wide silicon layer width of
w = 150 nm. The vertically polarized plasmonic mode deposits even slightly
more optical power in the titanium as compared to the horizontally polarized
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mode, for which the structure was designed. In this case, the absorption occurs
mostly at the apex of the metallic side walls, where the potential barrier is
thinnest and hence the photocurrent is largest.

From our measurements we infer that the PIPED sensitivity can be doubled
by choosing the proper polarization. For our best sample PIPED #1 we would
hence expect an increase of sensitivity from 0.12 A/W to 0.24 A/W. The
currently employed mode converter consumes a significant fraction of the input
power but cannot contribute significantly to the photocurrent due to the large
separation of the metals compared to the detector core. If the photonic-to-
plasmonic converter is redesigned for the specific polarization requirements and
for a smaller absorption, even more power would reach the silicon core and
hence be absorbed at the Si-Ti interface such that the sensitivity could be further
improved.

Table 7. Fraction of absorbed optical power in the photonic-to-plasmonic
mode converter (conv.), in the detector core, and total absorbed power per
metal contact relative to the total optical input power P,.

Power absorbed in Power absorbed in the
Core width the Au contact/Po Ti contact/Pg
150 nm
Conv. Core Tot. Conv. Core Tot.
Dominant 0.073 0.056 0.13 0.38 0.42 0.80
horizontal
polarization

Dominant 0.018 0.022 0.04 0.40 0.43 0.83
vertical
polarization
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4.6 Opto-Electronic Bandwidth and Data
Reception Experiments

We experimentally quantify the electrical bandwidth of PIPED using a 2-port
vector network analyzer (VNA). The VNA stimulus is amplified and drives a
LiNbO3; Mach-Zehnder modulator, generating intensity-modulated optical
signals up to 65 GHz. A calibrated photodetector (Anritsu MN4765A) with
known opto-electronic transfer function is used as a reference. The output pads
of the PIPED are contacted with standard RF probes (PicoProbe
40A-GS-100-P). The measured PIPED transfer function (including the RF
probe characteristic) is normalized to the value at the lowest modulation
frequency of 40 MHz and displayed as a relative sensitivity in Figure 12 (a).
Due to bandwidth limitations of modulator and amplifiers, the PIPED current
exhibits strong noise for frequencies larger than 40 GHz. Nevertheless, the
calibrated transfer function is flat throughout the measured range. Hence, we
expect that the RF bandwidth of the device is significantly larger than 40 GHz.

The transfer function exhibits dips at approximately 4 GHz, 7 GHZ and
30 GHz, which are attributed to imperfect connectors of the RF probes. The
investigated detector #4 is L =20 um long and w =200 nm wide. All other
devices have smaller dimensions and are expected to show even larger
bandwidths. This is confirmed by additional measurements, where we observe
comparably flat transfer functions for devices of various lengths and widths.
This implies that the devices are neither transit-time limited nor RC-limited.

We expect that the PIPED exhibits this large opto-electronic bandwidth for
both input polarizations. The polarization with dominant vertical field
alignment creates hot carriers preferentially at the apex of the titanium layer,
where the drift distance of the photo-electrons is the shortest. The bandwidth
should be slightly higher for this mode in comparison to the mode with
horizontal field alignment. However, this has no significant impact on the
investigated operating frequency range.
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Figure 12. Frequency-dependent photodetector sensitivity and data reception experiment. (a)
Electro-optic transfer function of sensitivity, normalized to the sensitivity at 40 MHz. The dips
at 4 GHz, 7 GHz and 30 GHz originate from reflections at the RF probe. The measurement has
been done with the longest and widest device, PIPED #4 (b) Eye diagram measured with
PIPED #2 for on-off keying at 40 Gbit/s with a measured quality factor of Q =4.1 and an
estimated bit error ratio of BER =2 x 10°. The bias voltage is U = 1V, the optical power at
the input of the detector is P = 1.6 mW. The DC-part of the device current has been removed.

To demonstrate the viability of our photodetector as a receiver of optical data,
we perform a data transmission experiment. We generate an on-off keying
optical signal with a 40 Gbit/s pseudo-random bit sequence (PRBS) having a
pattern length of 23! — 1. The signal is received with photodetector PIPED #2.
We use an available RF amplifier with 50 Q instead of a transimpedance
amplifier, which would be employed in real-world applications. Figure 12 (b)
shows the eye diagram at 40 Gbit/s. We use an optical input power of
P =1.6 mW and a bias voltage of U = 1V at which the dark current is not too
large in comparison to the photocurrent so that the electrical signal-to-noise
power ratio remains sufficiently large. The DC part has been subtracted. We
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measure a quality factor of Q = 4.1, corresponding to a bit error ratio [45] (BER)
of 2 x 10°. This BER is well below the threshold for a standard second-
generation forward-error correction [46] with 7 % overhead.

In summary, we demonstrate the first high-speed and high-sensitivity internal
photoemission plasmonic photodetector (PIPED) with a sensitivity exceeding
0.12 A/W at 1550 nm. By changing the state of polarization, the sensitivity can
be doubled. We succeeded in data reception of bit rates up to 40 Gbit/s using a
PIPED receiver with a core footprint of 5 pum x 155 nm, and with a total
footprint of less than 1 pm?. Our experimental findings represent record results
for plasmonic photodetectors based on IPE. We believe that compact IPE-based
detectors have the potential to overcome existing speed limitations of presently
available photodetectors. As such, they could become key components of future
high-speed optical transmission systems.

[end of paper]

55






5 Field-Effect Silicon Plasmonic Photo-
detector for Coherent T-wave Reception

In this chapter, we expand on the PIPED concept by introducing a further
control electrode, which in analogy to a MOSFET is called the gate electrode.
Applying a voltage to the gate introduces a field-effect that controls the charge
carrier dynamics in the device. We show that optoelectronic bandwidths in
excess of 1 THz are feasible using the gate. We have published this research in
Optics Express [J1]. The formatting has been adapted to fit the general format
of this thesis. The paper has been highlighted as an “Editor's Pick”, which
“serve to highlight articles with excellent scientific quality and are
representative of the work taking place in a specific field”.

The author of this dissertation devised the idea for the field-effect PIPED
concept. The photonic and electronic system design was created by the author
and Tobias Harter. The author fabricated the devices together with Tobias
Harter and Sandeep Ummethala. Andreas Bacher and Lothar Hahn
implemented the electron-beam lithography processes. The author conducted
the experiments with the support of Tobias Harter, Christoph Fullner, and
Stefan Wolf. The author performed numerical simulation of the devices and was
supported by Christoph Fillner. The author and Wolfgang Freude analyzed all
experimental and simulation data and created the qualitative model of the field-
effect PIPED. Christian Koos, Wolfgang Freude and Manfred Kohl supervised
the project. The author, Christian Koos and Wolfgang Freude wrote the paper.
All authors revised the paper.
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5 Field-Effect Silicon Plasmonic Photodetector for Coherent T-wave Reception

Abstract: Plasmonic internal photoemission detectors (PIPED) have recently
been shown to combine compact footprint and high bandwidth with monolithic
co-integration into silicon photonic circuits, thereby opening an attractive route
towards optoelectronic generation and detection of waveforms in the sub-THz
and THz frequency range, so-called T-waves. In this paper, we further expand
the PIPED concept by introducing a metal-oxide-semiconductor (MOS)
interface with an additional gate electrode that allows to control the carrier
dynamics in the device and the degree of internal photoemission at the metal-
semiconductor interfaces. We experimentally study the behavior of dedicated
field-effect (FE-)PIPED test structures and develop a physical understanding of
the underlying principles. We find that the THz down-conversion efficiency of
FE-PIPED can be significantly increased when applying a gate potential.
Building upon the improved understanding of the device physics, we further
perform simulations and show that the gate field increases the carrier density in
the conductive channel below the gate oxide to the extent that the device
dynamics are determined by ultra-fast dielectric relaxation rather than by the
carrier transit time. In this regime, the bandwidth can be increased to more than
1 THz. We believe that our experiments open a new path towards understanding
the principles of internal photoemission in plasmonic structures, leading to
PIPED-based optoelectronic signal processing systems with unprecedented
bandwidth and efficiency.

5.1 Introduction

Optoelectronic signal processing techniques offer great potential for generation
and detection of waveforms in the sub-THz and THz frequency range, so-called
T-waves [6, 47-49], which may be key to ultra-broadband wireless
communications in future sixth-generation (6G) networks [7, 8]. In this context,
ultra-fast plasmonic photodetectors and electro-optic modulators have been
shown to open a path towards generation, detection, and conversion of T-wave
signals on the silicon photonic platform [6, 49]. Among the various approaches
to plasmonic photodetectors [4, 30, 33, 36, 50, 51], devices based on internal
photoemission can combine high bandwidth with a strongly voltage-dependent
sensitivity and are thus not only suited for T-wave generation by photomixing,
but also for coherent detection of T-waves by optoelectronic down-conversion
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with optical local oscillator (LO) signals [6]. However, while the fundamental
advantages of plasmonic internal photoemission detectors (PIPED) have been
experimentally shown [4, 6], the underlying operating principles are still subject
to discussion. One of these questions concerns the relative contributions of
photo-emitted electrons and holes to the overall current, which is a key aspect
to improve the device performance and to quantify the associated fundamental
physical limitations for conversion efficiency and bandwidth.

In this paper, we expand the PIPED concept by introducing a third electrode,
which, in analogy to field-effect transistors, we refer to as the gate contact.
Varying the gate potential of these field-effect (FE)-PIPED allows to
systematically manipulate the contributions of electrons and holes to the overall
photocurrent, and thus opens a new experimental access to understanding the
device physics. We experimentally demonstrate the concept and verify the
underlying principles using dedicated test devices with core widths of 175 nm,
and we find that the sensitivity of these devices can be effectively tuned through
the gate potential. We further show that the gate voltage increases the sensitivity
slope, which determines the down-conversion efficiency for coherent T-wave
detection. Specifically, our best performing device shows a two-fold increase in
down-conversion efficiency by applying a gate voltage, reaching three times the
previously reported efficiency [6]. Based on these findings, we develop a
detailed electronic model of the photoemission at the metal-semiconductor
interfaces, considering the specific density of states (DOS) on the metal sides.
Building upon the improved understanding of the device physics, we further
perform simulations showing that the carrier density in a thin channel below the
gate can be increased to the extent that the dynamic device response is
determined by ultra-fast dielectric relaxation rather than by the carrier transit
time. These simulations predict that the bandwidth of the device can be
increased beyond 1 THz by applying a gate voltage.

The paper is organized as follows: Section 5.2 describes the device structure
and the fundamental operating principles of the FE-PIPED. In Section 5.3, we
develop a numerical device model and show how the gate potential influences
the carrier density and the device bandwidth. Section 5.4 summarizes the
fabrication steps of the devices used in our experiments. In Section 5.5, we
describe the measurement of the devices using DC and T-wave signals, and in

60



5 Field-Effect Silicon Plasmonic Photodetector for Coherent T-wave Reception

Section 5.6 we summarize our findings and formulate design guidelines for
PIPED with significantly improved performance for T-wave signal processing.

5.2 FE-PIPED Structure and Operating Principle

The FE-PIPED device structure and the operating principle is shown in Figure
13. Figure 13(a) and its inset display false-colored scanning electron
microscope (SEM) images of the FE-PIPED structure, comprising a plasmonic
detector core and a silicon photonic waveguide (WG), which are connected by
a photonic-to-plasmonic mode converter. The WG feeds light with optical
power Poy to the device. The mode converter transforms the photonic mode in
the Si WG to a surface plasmon polariton (SPP) mode inside the detector core.
Light is absorbed by the Au drain electrode and by the Ti source electrode,
generating hot carriers, which can cross the Si core [4]. This leads to an external
photocurrent. A bias voltage Ups is applied via two electrodes adjacent to the
Si WG core, which are referred to as drain and source. The drain-source bias
increases the efficiency of the crossing of the potential barrier [4]. With a so-
called gate electrode on top of the oxide covering the Si core, a second control
voltage Ugs can be applied between gate and source. We define the source
electrode to be at the reference potential, and the drain-source voltage Ups as
well as the gate-source voltage Ugs are counted positive with respect to the
source electrode. The cross-section of the detector core represents a metal-
semiconductor-metal (MSM) junction and resembles a MOS-FET
phototransistor, which motivates the naming of the electrodes.

Figure 13 (b) shows the schematic cross-section of the PIPED core along with
the normalized color-coded electric field profile of the associated SPP mode
that is excited by a quasi-TE mode in the silicon feed waveguide. For this type
of mode, the dominant electric field component is oriented parallel to the
substrate plane. The vacuum wavelength of the incident light is A = 1550 nm.
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Figure 13. Field-effect PIPED device structure and operating principle. (a) False-colored
scanning electron microscope (SEM) image of field-effect PIPED. Light with optical input
power Pqp is coupled to the plasmonic detector core via a silicon photonic strip waveguide
(WG) (green) having a thermal oxide on top (blue). A photonic-to-plasmonic mode converter
transforms the photonic mode to a surface plasmon polariton (SPP) mode in the core. The inset
shows the core cross-section. It consists of a Si core clad with an Au electrode at one sidewall
(drain) and a Ti electrode at the other sidewall (source) [4]. The bias voltage Ups is applied via
the drain and source electrodes, and the gate voltage Ugs is applied via the gate contact
(orange). The widening of the gate contact outside the core region facilitates the fabrication
process and has no influence on the functionality. (b) Schematic cross-section of the
photodetector under illumination. The incoming light is coupled to SPP at the interfaces of the
Si detector core and the metal layer, and is then absorbed, thereby generating hot carriers. The
device core consists of Au and Ti electrodes adjacent to the silicon detector core (metal-
semiconductor-metal junction, MSM). The Si core width is chosen to be in the range
w =75...175 nm. On top of the silicon core, there is a metal-oxide-semiconductor (MOS)
junction. The insulating gate oxide has a thickness of 80 nm and an Au top cover. The source
potential is chosen as the reference for the drain-source voltage Ups and for the gate-source
voltage Ugs. The band diagrams in subsequent figures are taken along a horizontal line
indicated by the height H. The vertical separation between the upper edge of the drain and
source electrodes and the oxide layer is denoted as d. The magnitude of the computed
normalized total optical electric field as excited by a quasi-TE mode in the feeding Si strip WG
is color-coded. Note that even though the field in the Si detector core is mainly localized at the
Au contact, most of the photons are absorbed in the Ti, which features a larger real part of the
complex refractive index than the Au.

The complex refractive indices T=n-jn of the Au and Ti electrodes differ
significantly both in the real parts, na, =0.32, nti=4.0 [17], and in the
(negative) imaginary parts, nja, =10.6, njti = 3.8 [18]. Therefore, the SPP
mode has an asymmetric shape, and the field tends to localize at the Au-Si
interface. Still, the Si-Ti interface dominates the overall absorption in the
device, due to the larger real part of the Ti refractive index. The smaller the core
width w becomes, the more the absorption length of the lossy SPP mode
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decreases. For technically relevant widths of 50 nm<w<250 nm, the
absorption length ]/ a is below 1 um, where & denotes the power attenuation
coefficient of the SPP mode. A fully vectorial numerical simulation considering
the field distribution excited by a quasi-TE mode in a FE-PIPED of core width
w = 100 nm indicates that six times more power is absorbed in the Ti electrode
than in the Au electrode. Accordingly, the bias voltage Ups is chosen such that
photo-emitted electrons from the Ti electrode are drawn towards the Au contact,
thus forming the main component of the photocurrent in the external circuit.
The FE-PIPED can also be operated in a quasi-TM mode where the dominant
electric field component is along the normal to the substrate plane. The mode
profile and the associated absorption characteristics can be found in the
supplementary information of [4].

If a photon with energy hf is absorbed in a metal, it creates an electron-hole
pair separated by an energy difference hf, where the actual energy of the carriers
depends on their initial energy before the absorption process. As an example,
an electron (or hole) which happens to be at the Fermi energy We will end up
after the absorption process as a “hot” electron (or as a “hot” hole) with an
electron (or hole) energy We + hf (or Wg — hf) [15], using the energy counting
convention as indicated in Figure 14.

The Schottky barrier at the MS interface influences how high-energy carriers
enter the silicon core. If hot carriers have an energy larger than the Schottky
barrier height, they overcome the barrier with a probability that is significantly
greater than if the carriers have to tunnel through it [39]. The crossing of the
potential barrier is known as internal photoemission (IPE) [29].

The energetic distribution of hot carriers before and after absorption depends
on the material-dependent density of states (DOS) for Ti and Au [52, 53],
respectively, and on the Fermi function. Because at room temperature the Fermi
function features a transition from high (0.88) to low (0.12) occupation
probabilities within an energetic width of 4kT, = 100 meV (Boltzmann constant
k, room temperature Ty), the Fermi function can be approximated by a unit step
for the photon energies under consideration, hf = 0.8 eV.

In the following, we qualitatively explain the influence of the external bias
voltages on the band diagram and on the associated photocurrents. A bias
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voltage Ups # 0 leads to a splitting of the quasi Fermi levels for electrons W,
and for holes W, in the silicon core. Independently of the biasing condition,
the number of carriers available for photocurrents is generally larger in Ti than
in Au as the light absorption is stronger in Ti. The Si band-gap energy amounts
to Ws = 1.11 eV, and for the barrier height we assume @4, = 0.82 eV. Note that
this barrier height is much larger than the values of approximately 0.3 eV [54]
that are typically found for interfaces of Au and neat Si surfaces. The increased
barrier height in our device is due to the fact that the PIPED relies on interfaces
between Au and chemically treated Si surfaces prepared by reactive ion etching
(RIE). This significantly affects the actual barrier height, for example by gold
diffusion or surface states created by the Si processing [13]. Following [12, 13],
we estimate a barrier height ®@,, = 0.82 eV, and we experimentally verify this
estimate by evaluating the photoemission current [15] of our PIPED devices
over a wavelength range between 1270 nm and 1325 nm. To this end, the device
was cleaved, and light emitted by a wavelength-tunable laser was coupled
directly to the cleaved facet using an optical fiber. By fitting the wavelength-
dependent photocurrent to a Fowler’s model for photoemission [15], we find a
barrier height at the Au-Si interface of & =0.82 eV, which is in good
agreement with [12]. We further confirm our result with the physical device
simulator SILVACO ATLAS by modeling the PIPED dark current for this
barrier height, leading to good agreement with our measurements.

Due to this large Schottky barrier height, photoemission is most efficient for
positive drain-source voltages Ups > 0, leading to hole emission at the Au-Si
interface, Figure 14 (b), (c) and (d). We start with a gate-source voltage Ugs = 0
which essentially corresponds to a floating gate and therefore to the behavior of
a conventional PIPED structure [4, 6]. We then discuss the influence of a
changing gate voltage. At the Si-Ti interface, where most of the light is
absorbed, the Schottky barrier height amounts to @+ = 0.62 eV [14], leading to
electron emission. Because the electron DOS in Ti peaks at Wg — 0.6 eV, Figure
14 (a), and because the electron occupation probability below We , is close to 1,
most of the hot electrons will be found at Wg,+0.2 eV, indicated by the dashed
black line in Figure 14 (a). Since this energy is still below the barrier energy
Wg ti = Wg, + @y, internal photoemission predominantly relies on tunneling,
and the barrier width at the Si-Ti interface has a significant influence on the
electron part of the photocurrent, see Figure 14 (b).
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Figure 14. Band diagram of Au-Si-Ti junction for various gate voltages. The Ti electrode
(source) is at the reference potential. The band edges (blue) are schematically drawn along a
cut line near height H at the upper edge of the metal drain and source electrodes in Figure
13 (b). The difference in the barrier heights Si-Au and Si-Ti leads to a built-in potential
obi = (@au— Dri) / € =0.2 V in absence of an external bias. The Fermi energy (red dotted line)
is denoted by We. Surface plasmon polaritons (SPP) with energy hf = 0.8 eV are absorbed in
both metals and create electron-hole pairs. (a) Thermal equilibrium, Ugs = 0, Ups = 0, with the
respective densities of states (DOS) [52, 53]: The electron DOS in Ti peaks at Wr — 0.6 eV.
Most of the hot electrons will be found at Wr+ 0.2 eV, below the barrier energy
Weti=Wr+ &7i. In contrast, the DOS in Au does not strongly depend on energy.
Photoemission is therefore governed by hot holes with an essentially uniform energetic
distribution. (b) Non-equilibrium, Ugs =0, Ups > 0: Conduction and valence band edges in
silicon tilt for a positive voltage Ups, applied between drain (D, Au) and source (S, Ti). Hot
electrons from both metals overcome the barriers or tunnel through, leading to particle current
densities jno (hole emission from Au at Ugs = 0) and je o (electron emission from Ti at Ugs = 0)
and resulting in an external photocurrent. The effective barrier widths w;, and w, limit the

carrier emission. The quasi-Fermi levels for electrons Wg, and for holes Wr, are oriented
parallel to the band edges. (c) Non-equilibrium, Ugs > 0, Ups > 0: Band edges with positive
curvature, electrons accumulate under the gate contact. The effective barrier width w; at the
Si-Ti interface reduces (increased electron emission, je+ > jeo), While w;, increases at the Au-
Si interface (reduced hole emission, jn+ < jno). (d) Non-equilibrium, Ugs < 0, Ups > 0: Holes
accumulate under the gate contact, and the effective barrier width w;, at the Si-Ti interface
increases (electron emission reduced, je- < je,0), While the barrier width at the Au-Si interface
w;, reduces (hole emission increases, jn-> jno).
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Note that from this simplified model illustrated in Figure 14, one may expect
that reverting the sign of Ups could lead to a device with similar functionality
based on hole rather than electron emission on the Si-Ti interface. However,
this effect is not observed experimentally, i.e., the photocurrent for Ups <0 is
orders of magnitudes smaller than its counterpart for Ups > 0.

In contrast to that, the DOS in Au is rather energy-independent.
Photoemission at the Au-Si interface is governed by hot holes that uniformly
fill the energy range (Wgp—0.8eV)..Wg,. For a Schottky barrier height
@, =0.82 eV and a Si band gap energy of W =1.11 eV, the hole barrier is
energetically located at Wg, —0.29 eV. For a photon energy of hf=0.8 eV,
approximately half of the hot holes are hence to be found at hole energies above
Wk, i.e., at electron energies below We,. As a consequence, a significant
fraction of the hot holes which are optically excited in the Au electrode can
energetically overcome the barrier irrespective of the exact barrier width or
shape. This is distinctively different from internal photoemission of hot
electrons from Ti to Si, which largely relies on tunneling, and hence strongly
depends on the shape and particularly on the width of the potential barrier. Note
that the hot carriers relax and thermalize with the surrounding uniform electron
or hole gas if the internal photoemission does not occur within the typical hot-
carrier lifetime of a few 10 fs inside the metals [42]. Note also that the
contribution of holes from the Au to the overall photocurrent is smaller than that
of electrons from the Ti, since the major part of the light is absorbed at the Si-
Ti-interface.

In absence of any incident light, the dark current is determined by the
emission of cold carriers. The energetic distribution of cold carriers that are in
equilibrium with the crystal lattice follows the Fermi-Dirac statistics. Only a
small fraction of cold carriers with sufficiently high energy can directly
overcome or tunnel through the barriers, a process which is called thermionic
emission [39]. Due to tunneling of carriers, thermionic emission also depends
on the shape of the respective potential barrier. This leads to a voltage-
dependent dark current through the FE-PIPED.

For the band diagram in Figure 14 (b), a positive bias Ups is chosen that
overcompensates the built-in potential @pi = (Pay— Pri) /e =0.2V. This
potential ¢p; arises from the different barrier heights for electrons on the gold
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side (®@au) and on the titanium side (@r). The gate contact is at the same
potential as the source contact, Ugs = 0 V. In this case, the core width w is much
shorter than the depletion region that is generated by the applied drain-source
voltage Ups >0 inside the weakly doped Si WG core (acceptor density
na = 5x10™ cm3), such that the space-dependent potential can be described by
a linear function. Hence, the applied voltage drops quasi-linearly across the Si
core, leading to approximately linear conduction and valence band edges. A
non-zero gate-source voltage Ugs, Figure 14 (c), (d), influences the potential in
the Si WG core only in the immediate vicinity of the gate oxide, similar to the
situation for a MOS field-effect transistor. Specifically, an applied gate voltage
bends the linear bands such that the effective barrier widths at the Si-metal
interfaces are changed, which influences photoemission and hence the device
current I. With a fixed drain-source voltage Ups > ¢ and for Ugs > 0, the Si-Ti
effective barrier width is reduced to W, and electron injection from the Ti side
Is increased, Figure 14 (c). Conversely, for Ugs < 0, the effective Au-Si barrier
width is reduced to W, leading to a stronger hole injection from the Au, Figure
14 (d). Moreover, the band bending has a strong impact on the carrier dynamics
in the Si core: The electron concentration below the gate oxide is increased for
Ugs > 0, Figure 14 (c), while for Ugs < 0, the hole concentration increases. If
the carrier concentration in the thin channel below the oxide is large enough,
signal propagation is dominated by ultra-fast dielectric relaxation rather than by
the drift of individual carriers. This leads to a significant increase of the device
bandwidth. We explore this feature in more detail in Section 5.3.

The spatial separation d of the gate oxide and the electrodes, as seen in Figure
13 (b), is an important design parameter that strongly influences the device
behavior. On the one hand, the distance d must not be chosen to be too large,
since this would reduce the influence of Ugs on the barrier shapes, and the gate
functionality would disappear. Moreover, the photoemitted carriers would be
injected far away from the thin conductive channel below the oxide, and the
benefits of ultra-fast dielectric relaxation would be lost. On the other hand,
choosing d too small would lead to a very small effective barrier width w, and
would hence have a detrimental impact on the dark current, especially at high
gate fields. These considerations lead to a deeper understanding of the measured
I-Ugs characteristic. We come back to this aspect in Section 5.5.1.
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5.3 Optoelectronic Bandwidth

The FE-PIPED has the potential to reach an unprecedentedly high light
detection speed. To prove this point, we use a 2D time-domain simulation of an
appropriate device model. We use the simulation tool SILVACO ATLAS for
the FE-PIPED model Figure 13 (b) with core width of w =100 nm. ATLAS is a
physical device simulator that relies on the drift-diffusion model and solves the
continuity equations. The influence of the metal-semiconductor interfaces on
the device currents are taken into account. Our simulation domain is defined in
the x-y plane, i. e., in a cut-plane whose normal vector is perpendicular to the
direction of the photocurrent and parallel to the direction of light propagation.
With this setting, we simulate the potential ¢(X,y) and the spatial carrier
concentration for various biasing conditions.

Figure 15 (a) shows the electron and hole concentration in the silicon core,
directly at the interface of gate oxide and silicon, in the middle between the
drain and the source contact where the carrier concentration due to the gate
potential is highest. For a drain-source voltage of Ups =+1.5V and a gate-
source voltage of Ugs = 0 V, without an applied gate, the hole concentration is
in the order of 10*® cm. When applying a gate voltage as small as Ugs = -5V,
holes accumulate, and their concentration increases to 5x10'8 cm. For creating
a similar electron accumulation under the gate oxide, the silicon conduction type
must be inverted. The inversion threshold is near Ugs =3 V. The electron
concentration reaches 10'° cm for Ugs = 10 V. We explore the optoelectronic
bandwidth as a function of the gate voltage. To this end, we define a time and
space dependent electron-hole pair generation rate g(t,x,y) in the silicon next to
the apex of the Au electrode (drain) or, alternatively, next to the Ti source
contact. We leave the generation rate g(t,x,y) independent of Ugs and thus
exclude the influence of the gate voltage on the tunneling and therefore on the
injection rate. With forward bias Ups = 1.5V, the electron-hole pairs created
close to the Au contact separate. The electrons will immediately vanish into the
metal, and the remaining holes move under the influence of the electric field
and create a current between the device terminals.
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Figure 15. Simulated carrier densities and optoelectronic bandwidth of FE-PIPED at a drain-
source voltage Ups = 1.5 V. (a) The carrier densities are displayed at the interface between the
silicon and the gate oxide, in the middle between the source and the drain contact (white circle
in the inset). The hole density (red curve) increases with negative gate voltages. The silicon is
strongly inverted for gate voltages Ugs > 4 V, and a significant electron density is created (blue
curve) in a channel below the oxide. When increasing the modulus of Ugs, the electron and
hole densities increase up to 10%° cm3. The inset shows the shape of the electron channel for a
strong bias Ugs = 10 V, which is asymmetric due to the drain-source bias voltage. (b) 3 dB
limiting frequency for the case of a dominating hole current (solid red curve, Ugs < 0 V), and
for a dominating electron current (solid blue curve, Ugs >4 V). The bandwidth of the FE-
PIPED is predicted to increase beyond 1 THz at a gate voltage of Ugs <-4V, and up to
1.2 THz at Ugs > 10 V. The dashed curves indicate the respective 3 dB limiting frequencies
when hot minority carriers propagate through the majority-type channel. The red circle at
Ugs = 0V marks the measured 3 dB frequency of our PIPED in a previous publication [6],
where the device has the same structure as in our present simulation. Simulation and
measurement differ in this point by only 0.3 %. However, there are kinks in the curves which
stem from the fact that the transfer functions cannot be accurately approximated by simple RC
lowpasses with well-defined limiting frequencies, which is especially true for frequencies
below 0.5 THz.
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This simulates the dynamic behavior of a light-induced hot-hole injection
from the Au electrode into the silicon. An electron-hole pair created at the Ti
contact approximates a light-induced hot-electron injection. The creation of an
electron-hole pair instead of a single charge is a constraint imposed by the
ATLAS simulation environment.

The generation rate g is defined as a Gaussian function both in time and
space. The temporal and spatial widths are 20;=100fs and 2c,,=5nm,
respectively. The spatial extension is small compared to the core width w, and
the temporal impulse provides sufficiently high frequency components well
above 10 THz. The magnitude of the generation rate g is adjusted such that the
resulting current in a 1 um long device corresponds to typically measured
PIPED current in the pA region. The current response to the generation impulse
can be Fourier transformed and results in a transfer function H (f,Ugg,Ups),
relating the frequency-dependent photocurrent Ip(f) to a (hypothetical)
modulated optical input power P(f),

lp(f.Ugs:Ups)
P(f)
We then extract the 3 dB limiting frequency, which we name (optoelectronic)
bandwidth. Figure 15 (b) shows the dependency of the FE-PIPED bandwidth
on the gate voltage. The solid red curve indicates the bandwidth for a hole
current which dominates for Ugs < 0 according to Section 5.2. The solid blue
curve stands for the bandwidth if an electron current dominates. This happens
after strong inversion and when the band bending favors hot electron tunnel
injection from the Ti for Ugs>4 V. Our measurements confirm that this
condition is actually met, Section 5.5.1, Figure 17 (b).

H(f,Ugs\Ups)= (33)

Our simulations predict a PIPED bandwidth of 290 GHz for gate-source
voltage Ugs = 0, red circle in Figure 15 (b). This is in good agreement with the
measured bandwidth evaluated from a similar device described in a previous
publication [6], where we found a bandwidth of 300 GHz. Applying a gate
voltage increases the bandwidth gradually, because the bandwidth is determined
first by the carrier transit time, but is gradually superseded for larger carrier
concentrations by the much faster dielectric relaxation time. For large gate
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voltages Ugs > 10V (which is tolerated without dielectric breakdown) the
bandwidth increases to 1.2 THz.

Note that the reported increase in bandwidth from 0.3 THz to 1.2 THz of the
FE-PIPED could in principle be also achieved by reducing the core width of a
standard (without gate and transit-time limited) PIPED from w =100 nm to
25 nm. However, the fabrication of a PIPED with such small dimension would
be impractical: The optical coupling efficiency to such a small plasmonic
waveguide would be very low, so that the sensitivity decreases significantly.
Furthermore, the fabrication would become extremely challenging.

Our results indicate that the FE-PIPED has indeed the potential to outperform
conventional Si-Ge photodetectors if T-waves are involved.

5.4 Device Layout and Fabrication

We fabricate and characterize FE-PIPED with gate contacts. The devices are
prepared using a similar technique as described previously [4]. We repeat the
essential fabrication steps for the convenience of the reader. We start with a
silicon-on-insulator (SOI) substrate with 340 nm-thick device layer on top of a
2 um-thick buried oxide (BOX). As a first step, the gate dielectric is created by
thermally oxidizing the top surface of the silicon device layer. The thickness of
the oxide amounts to 80 nm, consuming 40 nm and leaving 300 nm of the Si
device layer. This approach ensures excellent homogeneity of the oxide layer
along with high resilience to dielectric breakdown. In future devices, the oxide
could be replaced by a high-x dielectric layer for further reducing the gate
voltage. After oxidation, we coat the substrate with a negative-tone resist and
structure the oxide layer with electron-beam lithography and dry etching to
obtain a hard mask to fabricate the silicon optical waveguides. We use a CHF3
etch, which is highly selective and consumes the oxide only, leaving the silicon
unharmed. The second step comprises an undercut of the oxide hard mask in the
region of the FE-PIPED device core and the adjacent mode converters using
isotropic reactive ion etching (RIE) technology. In this step, we use an SF¢ etch
at room temperature, which provides a high selectivity of etching silicon and
leaving the oxide unharmed. This undercut creates a silicon strip with a wider
oxide cap, see inset of Figure 13 (a). In the third step, we use a PMMA mask
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and angled evaporation to cover the sidewalls of the silicon strip with Au or Ti.
During this step, the oxide cap in combination with the evaporation angle
defines the spatial separation d of the gate oxide and the electrodes, see Figure
13 (b).

By design, the PIPED provides two independent optical inputs from opposite
sides, but only one of them is required for a photodetector. The remaining one
Is hence abandoned and covered with a larger gold strip, which connects the
gold cap with a remote contact gate pad, see Figure 13 (a) and Figure 16 (b).
This electrode is created by Au evaporation normal to the substrate plane, which
finally completes the metallization steps. A final anisotropic etch step with SFg
at -110°C defines the optical waveguides.

Note that the devices used for the experimental exploration of underlying
operating principles were purposefully designed to have rather large core widths
of w =175 nm, thereby allowing for a clear distinction between electron and
hole currents. This, however, leads to a reduced sensitivity as compared to
previously demonstrated PIPED with core widths of w=75nm [4]. The
decrease of sensitivity for wider cores can be understood by considering the
contributions of the two distinct metal-semiconductor interfaces to the overall
photocurrent: For an essentially fixed penetration depth of the optical field in
the metal electrodes, the proportion of power propagating in the metals becomes
the larger, the smaller the core width w is. However, the Au electrode essentially
guides the light, while the Ti electrode absorbs the light. If the electrodes are far
apart, the light guidance effect at the Au-Si interface dominates and is
essentially not affected by the Ti. If the electrodes are narrowly spaced,
absorption is prevalent because the photons guided by the Au-Si interface are
drawn towards the strongly absorbing Ti electrode. Specifically, for a core
width of 100 nm, the Ti absorbs six times more power than the Au. In addition,
the barrier height at the Ti-Si interface is smaller than its Au-Si counterpart,
thereby leading to more efficient electron emission at the Ti electrode. At the
same time, the reduction of the effective barrier width by applying a drain-
source voltage is the larger, the smaller the core width is, i.e., the impact of the
drain-source voltage on the carrier emission efficiency is stronger for smaller
w. Hence, small core widths w lead to higher sensitivity.
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5.5 Experimental Setup and Results

To experimentally verify the expected device behavior, we simultaneously
measure the DC and the T-wave characteristics of the PIPED using the setup
shown in Figure 16 (a). Two continuous-wave optical tones at frequencies f;
and f, emitted by a pair of tunable distributed-feedback lasers (DFB1, DFB2)
are superimposed using a 3 dB coupler and produce a power beat Pqy(t) at the
difference frequency fru; = |fi — f2| = wTh/(2R),

Poot (t) =Ry + P cos(@ry,t). (34)

At the transmitter, this power beat feeds a reverse-biased InGaAs high-speed
p-i-n-photomixer (Tx-p-i-n), the photocurrent of which drives a transmitter
antenna. At the receiver, the T-wave is captured by a second antenna and
coupled to the drain-source contact of the FE-PIPED, where it is superimposed
with a static drain-source bias voltage Ups using T-wave chokes, see Figure
16 (b). This leads to a modulation of the voltage-dependent FE-PIPED
sensitivity S, the amplitude of which, within a small-signal approximation, can
be assumed to be proportional to the amplitude Ury, of the received T-wave
signal.

The FE-PIPED is fed with the same power beat as the p-i-n-photomixer. The
photocurrent is then given by the product of the time-dependent sensitivity and
the time-dependent incident optical power, both of which oscillate at the same
frequency fry,, thus leading to a homodyne down-conversion of the incoming
T-wave signal using the optical power beat as a local oscillator, see
Section 5.5.1 for a more detailed description.
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Figure 16. Characterization scheme for FE-PIPED. (a) Two DFB lasers emitting near a
vacuum wavelength of Ao = 1535 nm are tuned to slightly different optical frequencies f; and
f2. These emissions are superimposed to generate a power beat at the desired THz frequency,
frHz = |f1 - f2]. This power beat leads to a photocurrent i(t) ~ P(t) in the Tx p-i-n-photodiode,
which drives an antenna emitting the resulting T-wave (T-Wave Tx). At the T-wave RX, the
T-wave is coupled to the drain-source contact of the FE-PIPED, which is additionally biased
by a DC voltage Ups via on-chip T-wave chokes. The incoming T-wave voltage leads to a
time-dependent modulation of the FE-PIPED sensitivity S with a modulation amplitude that is
essentially proportional to the amplitude U, of the T-wave signal. The FE-PIPED is fed with
the same power beat that is used to generate the T-wave signal, and the PIPED-photocurrent is
coupled to a transimpedance pre-amplifier (TIA) via a bias-T. The TIA is not drawn for
simplicity. This photocurrent partly results from the product of the time-dependent sensitivity
and the time-dependent incident optical power, both of which oscillate at the same frequency
frHz, thereby enabling homodyne down-conversion of the T-wave signal. A lock-in amplifier
(L1A) in combination with an amplitude modulation of the THz signal is used to distinguish
the down-converted signal from the other components of the photocurrent. The experiment is
repeated at various biasing conditions for the drain and the source of the FE-PIPED. (b)
Scanning-electron microscope image of the PIPED T-wave receiver. The receiver antenna
couples the incoming T-waves to the PIPED, which is optically fed via silicon photonic WG.
Electrical contacts (DC bias line) are used to supply the DC bias voltages. T-wave chokes
decouple the T-waves from the DC bias.

To distinguish the down-converted signal from the other components of the
FE-PIPED photocurrent, we use a lock-in technique. To this end, we
superimpose an amplitude modulation onto the T-wave signal by varying the
reverse bias at the Tx p-i-n photodiode at a frequency of 12 kHz. A
lock-in-amplifier (LIA) is then used to extract the corresponding signal
component from the output of the transimpedance amplifier (TIA). The FE-
PIPED is electrically connected with standard DC probes (GGB Picoprobe
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MCW-23-2820-1) to a two-channel precision source measure unit (SMU,
Keysight B2900A), which supplies the drain-source voltage Ups and the gate-
source voltage Ugs. In addition, the SMU records the DC part Ipc of the FE-
PIPED current | through a bias-T. Parts of this setup (transmitter, antennas, and
LIA) belong to a commercially available THz spectroscopy system (Toptica
Photonics, TeraScan 1550). For measuring the static FE-PIPED characteristic,
we employ only the components enclosed in the dashed rectangle marked “DC”
in Figure 16 (a). The optical power beat is coupled to the active part of the FE-
PIPED through a grating coupler (GC), a silicon photonic waveguide (WG), and
a photonic-to-plasmonic mode converter, see Figure 13 (a) and Figure 16 (b).
The T-wave signal is so weak that it has no influence on the DC part of the
photocurrent. The SMU measures this average DC produced by the optical
power beat.

5.5.1 DC Characterization of FE-PIPED

The total FE-PIPED output current 1(Ups(t),Uss) consists of the dark current
In(Ups(t),Uss) and the photocurrent 1p(Po(t),Ups(t),Uss). The sensitivity
S(Ups(t),Ugs) depends on the applied voltages and describes the dependence of
the photocurrent on the optical power (in the following we drop the time-
argument for better readability),

IP(Popt’UDS’UGS):S(UDS’UGS)Popt' (35)

The total average current can be written as

loc =(1p)+ 15 =S (Pt )+ Ip (36)

where <x(t)> denotes a time average of the harmonic quantity x(t) over one
period of the T-wave oscillation. The DC sensitivity S is measured by recording
the average current with and without illumination, and by relating the difference
to the optical input power,

ZIDC_ID. (37)

(Pot)
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Figure 17 shows the DC sensitivity of a FE-PIPED having a core width of
w=175nm as illustrated in Figure 14, with drain-source and gate-source
voltages Ups and Ugs as measurement parameters. Figure 17 (a) visualizes the
data as a color-coded plot with equidistant contour lines. For a drain-source
voltage difference smaller than the built-in potential, Ups < ¢pi = 0.2 V, hot
carriers entering the silicon core are dragged back to the respective metal
electrodes, and the sensitivity is close to zero. For bias voltages Ups > @i,
carriers emitted into the silicon core are pulled towards the opposite metal
electrode, and the photocurrent increases with Ups. Two distinct areas with a
large sensitivity can be identified. In the upper left region of Figure 17 (a) with
Uss <0V and Ups > 1V, hole emission from the gold electrode is favored by
the band bending, which decreases the width of the Schottky barrier as depicted
in Figure 14 (d). The upper right area with Ugs>6V and Ups>1V is
associated with strong electron emission from the titanium electrode as
illustrated in Figure 14 (c). These areas are separated by a trench near Ugs =4 V
where the sensitivity is small. Figure 17 (b) depicts the sensitivity along
horizontal cut lines in Figure 17 (a), the color-coding corresponds to the coding
of the horizontal lines in Figure 17 (a).

The dependence of the sensitivity on the gate voltage is not symmetric and
reflects the interplay of different barrier heights and widths for the Au-Si (hole
injection) and the Si-Ti interfaces (electron injection), of the influence of the
different DOS, and of the photon absorption differences of titanium and gold,
see Section 5.2 and Figure 14 (a). This is the reason why the minimum
sensitivity is not found for Ugs = 0 V. In summary, we see that the sensitivity is
greatly increased by a gate voltage Ugs # 0 V. The largest sensitivities are to be
seen for Ugs > 0 V due to the stronger impact of a gate voltage on the electron
emission at the Ti electrode. The maximum measured sensitivity of 60 mA/W
IS obtained for Ups=15V and Ugs =9V, and it exceeds the value for
Uss = 0 V by more than a factor of four. The minimum sensitivity is found near
Uss = 4 V. Note that the FE-PIPED discussed here was intentionally designed
to have a large width w =175 nm of the Si core, see Section 5.4 for details. The
wide core also reduces the dark current and allows for a wider range of gate
voltages, which was instrumental to analyzing the full characteristics of the
device. This, however, comes at the price of a reduced photoelectric sensitivity
of only 15 mA/W without gate voltage, and 60 mA/W with an applied gate
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voltage. Both values are smaller than the sensitivity 120 mA/W previously
obtained for a PIPED without a gate contact [4], but with a core width of only
w =75 nm.

We also tested FE-PIPED with a gate contact and smaller core widths,
leading to sensitivities in the same range as reported before [4]. In particular,
we have characterized an FE-PIPED with a core width of w = 75 nm, reaching
a sensitivity of S = 120 mA/W with an applied gate voltage of Ugs =-3V and
at a drain-source voltage Ups =2.5V. In our previous publication [4] for a
similar device without a gate, we had to apply a higher drain-source voltage of
Ups = 3.25 V to reach the same performance. We find that a gate voltage does
not significantly increase the sensitivity for narrow-core devices.
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Figure 17. Measured DC sensitivity for a FE-PIPED with core width w = 175 nm, operated at
an average optical power of P = 0.21 mW in the silicon photonic feed WG. (a) Color-coded
contour plot of sensitivity S as a function of drain-source voltage Ups and gate-source voltage
Ugs. For Ups < 0.5V, no significant sensitivity can be measured for any gate voltage. For
Ups > 0.5 V, two distinct areas of large sensitivity can be identified. The left area corresponds
to hole emission from the Au electrode for Ugs <0, Figure 14 (d), whereas the right area
corresponds to electron emission from the Ti electrode for Ugs > 0, Figure 14 (c). In between,
near a gate voltage of Ugs = 4 V, the photocurrent is minimum. (b) FE-PIPED sensitivity as a
function of Ugs for constant drain-source bias voltages Ups 0f 0.5V, 0.75V, 1V, and 1.5V,
corresponding to the horizontal lines in (a). The maximum measured sensitivity of 60 mA/W
is obtained for Ups = 1.5 V and Ugs = 9 V and exceeds the value for Ugs = 0 V by more than
a factor of four (x 4.1). The minimum sensitivity is found near Ugs = 4 V. The inset displays
the dark current with the same color coding as the main graph.
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We attribute this result to the fact that the narrow core allows for an efficient
tunneling injection already at moderate drain-source biases, and the further band
bending due to the gate voltage does not significantly improve the tunneling
efficiency as is the case for larger core widths. Note, however, that the gate
voltage can improve the sensitivity slope dS/dUpg of the FE-PIPED, which is
key for an efficient T-wave down-conversion. This aspect is discussed in more
detail in Section 5.5.2.

The measured dark current of the FE-PIPED is illustrated in the inset of
Figure 17 (b). It follows the same general behavior as the photocurrent, with a
minimum at Ugs = 4 V, followed by a steep rise for large negative or positive
gate voltages. For Ups = 1.5V, the dark current is 320 nA without an applied
gate voltage and it increases under the influence of the gate voltage to 2 pA at
Uss = -5V andto 6 pA at Ugs = 9 V. While both the photocurrent and the dark
current show a rise for larger gate voltages, the photocurrent increases
significantly stronger.

For a noise estimate, we concentrate on Ugs =9V with a dark current
Io = 6 HA and a sensitivity S = 60 mA/W. To obtain a lower limit for the noise-
equivalent power (NEP), we assume shot noise of the dark current to be the
dominant noise source. Note the restrictions implied in our assumption: The two
metal-semiconductor junctions are both subject to a random transition of
carriers, which may be correlated — we neither account for this effect nor for
any resulting frequency-dependence of the noise power spectral density. With
these assumptions, we find a current power spectral density for the shot noise
of the dark current of 2ely=19x10?*A%/Hz, leading to an
NEPyor, cark = /2€ 1p /S = 23pW/Hz . We compare this result with the noise of an
external impedance-matching resistor R = 50 Q, having a noise current power
spectral density of 4kT,/R=3.2x10%A?/Hz at room temperature T, =290K
which leads to an  NEPyqux =+4kTo/R/S=300pW/VHz. Because
NEP;,, > NEPy, ., we conclude that the dark current of the FE-PIPED does not
significantly contribute to the overall noise as soon as the device is embedded
into a 50 Q-terminated T-wave circuit.
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5.5.2 T-wave Characterization of FE-PIPED

If the drain-source voltage Ups(t) is modulated by a T-wave signal, the
sensitivity S(Ups(t), Uss) will be time-dependent as well. Exploiting the fact
that the photocurrent according to Eqg. (35) is given by the product of the time-
dependent sensitivity and the optical power, we may then use a time-dependent
power beat Poy(t) according to Eq. (34) as a local oscillator (LO) for homodyne
down-conversion of the T-wave signal to the baseband. In our experiment, the
drain-source voltage consists of a strong DC bias Upsp and a weak sinusoidal
T-wave voltage Ury,(t), which originates from the receiver antenna and which
Is superimposed onto the DC bias Upso by T-wave chokes, see Figure 16 (b).
The drain-source voltage then reads

Ups(t)=Upso +Urrz (1),  Uny,(t)=U, cos(omt+ o). (38)

(a) Predicted dS/dUDS . U_‘] (b) Measured dS/dUDs at fTHz =175 GHz

Ugs V]

Figure 18. Color-coded normalized derivative dS/dUpsx lgs;as a function of Ups und Ugs. (a)

Evaluation of the DC data from Figure 17 (a). Two plateaus with a normalized value close to
1 are to be seen, and a trench with a normalized value close to 0 for Ugs =4 V. (b) Measured
normalized values from recording the baseband current amplitude Tss. The general similarity
of (a) and (b) is obvious. The influence of the field-effect on the sensitivity is maintained even
at T-wave frequencies.
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For a sufficiently small T-wave amplitude U1, we may linearize the function
S(Ups(t),Ugs) in a small-signal approximation in the vicinity of the operating
point UDS,O,

dS
S(UDS(t)’UGS):SO(UDS,O’UGS)+d Uy ()- (39)
UDS Ugs

By combining Eq. (34), (35), (38) and (39), the baseband part of the

photocurrent can be written as

1 dS

lgg =lgg o+ IgB 1" lgg 1=
2 dUpg

UiPicos(p(@ry, ). (40)

Ugs

The phase ¢(mTH;) describes the phase difference between the received T-
wave, Eqg. (38), and the phase of the power beat Eq. (34), and is adjusted for
maximum lgg ; by slightly varying the THz frequency. Note that in Eq. (40) the
direct current lggo can be separated from the mixing product lgg; < Pi(t) by
modulating the transmitted THz power and using a LIA, see Figure 16 (a) and

[6].

According to Eqg. (40), the detected baseband current amplitude lIgg1 is in
proportion to the sensitivity slope dS/dUps for a given gate-source voltage Ugs.
Evaluating the measured DC characteristic So(Ups0, Ugs) of Figure 17 (a), we
compute this derivative and display the result in Figure 18 (a). Two peaks of
dS/dUps with a normalized value close to one can be seen, and we find a trench
with a dS/dUps close to zero for Ugs = 4 V. Applying a gate voltage hence
improves the efficiency of T-wave down-conversion and thus increases the
mixing product Iggs. This is experimentally confirmed by directly measuring
the baseband current amplitude lgg; ocdS/dUpg as a function of Ugs and Ups,
see Figure 18 (b). The similarity to Figure 18 (a) is evident: There is a distinct
maximum at Ugs > 6V and Ups>1V, a trench at Ugs =4V, and another
plateau-like maximum towards smaller values of Ugs. Note that, for both of
these maxima, the measured improvement of the down-conversion efficiency
relative to the case Ugs=0V is not as pronounced as predicted by the
evaluation of the DC characteristics. This aspect is subject to further
investigations.
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Figure 19. Gate-source-voltage dependent sensitivity slope dS/dUps = Igs; as measured for FE-

PIPED with widths w of 75 nmand 175 nm. The sensitivity slope is evaluated from the
measured DC characteristics S(Ups, Ugs) according to Eq. (39). The solid and dashed curves
denoted with #1 belong to the same device which also forms the basis of the analysis in Figure
17 and Figure 18. The two curves represent horizontal cut lines through the two pronounced
maxima of Figure 17 (a) at Ups = 0.55 V (dashed) and Ups = 1.1 V (solid). The slope is largest
for bias voltages of Ups =1.1V and Ugs =9 V and reaches S; = 59 mA/(WV). This value is
six times larger than the one obtained for the same drain-source voltage and Ugs =0 V. It is
also more than two times larger than the standard PIPED design used in [6], which is indicated
with *, This device featured a width of 100 nm, but lacked a gate electrode and was hence
operated without any gate-source voltage. The curve labeled #2 belongs to another FE-PIPED
with a core width of w=75nm. For this device, the maximum sensitivity slope
ds/dUps =98mA/(WV)at Ugs =—4 V is two times larger than the sensitivity slope at Ugs =0V

and three times larger when compared to the standard PIPED design used in [6].

Figure 19 compares the gate-voltage-dependent sensitivity slope dS/dUpg
for FE-PIPED with core widths in the range 75 nm <w <175 nm. Without any
gate voltage, Ugs = 0 V, the sensitivity slope dS/dUps becomes larger with
decreasing width w. An applied gate-source voltage can strongly increase
dS/dUps for each width considered. The sensitivity slope increases S with
decreasing core width w. However, the dark current also grows with Ups and
could even destroy the device when a DC voltage is applied. This affects
especially the devices with a small core width w. Hence, the explored range of
gate-source voltages was limited. The largest dS/dUps in our experiments is
measured for a width of w = 75 nm and reaches dS/dUpg =98 mA/(WV) for bias
voltages of Ups = 0.3 V and Ugs = —4 V. This is two times the sensitivity slope
without a gate voltage and a value more than three times larger when compared
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to our previously highest reported sensitivity slope dS/dUps =27 mA/(WV) for
a device without gate and a core width of w = 100 nm [6]. Note that the device
#2 in Figure 19 was only measured up to a gate-source voltage of 4 V so that
the increase of the sensitivity towards larger positive gate voltages is not visible.
We believe that a systematic optimization of mode converter, core width, oxide
thickness and choice of metals will allow to further increase the sensitivity slope
and thus the efficiency of optoelectronic down-conversion of T-wave signals in
FE-PIPED.

5.6 Design Considerations

Based on our investigations, we believe that the performance of PIPED can
be greatly improved both in bandwidth and in sensitivity by the addition of a
gate contact. The key design parameters of the resulting FE-PIPED are the
width w of the Si waveguide core and the vertical separation d between the
upper edge of the drain and source electrodes and the oxide layer. Specifically,
the photodetector sensitivity is the larger, the smaller the core width w becomes.
We find that FE-PIPED with a width of w=75nm provide the highest
sensitivity slope dS/dUps. However, in this case also the dark current increases
so that a compromise has to be found. The feasibility of FE-PIPED with even
smaller widths w < 75 nm is under investigation.

For the spatial separation d between the gate dielectric and the upper edge of
the metal drain and source contacts an optimum value has to be found that
avoids a practical short while still maintaining the effectiveness of the gate.

The T-wave down-conversion efficiency is significantly increased by a
positive (large w) or a negative gate voltage (small w), which then leads to a
more efficient hole injection for Ugs < 0 on the Au side, or to a more efficient
injection of electrons for Ugs > 0 on the Ti side.

So far, the T-wave input circuit to the FE-PIPED feeds the T-wave to the
drain-source contact leading to a sensitivity slope > 0.1 A/(WV). One could also
think of coupling the T-wave signal to the gate-source contact. This, however,
would reduce the sensitivity slope to a much lower value. The magnitude of the
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sensitivity slope for the case of a modulated gate-source voltage can be derived
from the slopes of the family of curves in Figure 17 (b). For a device with a
width of w=175nm, we expect a sensitivity slope below 0.01 A/(WV)
throughout the complete range of gate-source bias voltage and for the maximum
drain-source bias of Ups = 1.5 V. However, this finding is constrained to FE-
PIPED with a thermal oxide cap, as used in our experiments. The usage of a
high-« dielectric layer between the silicon and the gate contact might lead to a
more favorable potential distribution in the silicon, thereby leading to a stronger
effect of the gate voltage.

We expect that future work in these directions leads to improved systems for
generation and detection of sub-THz and THz waveforms on the silicon
photonic platform.

5.7 Conclusion

We introduce an extended concept for a field-effect-(FE-)controlled plasmonic
internal photoemission detector (FE-PIPED). The field-effect opens a new
experimental access to the understanding of internal photoemission in
plasmonic structures and of the associated carrier dynamics. Based on an
improved understanding of the device physics, we perform simulations and
show that the gate voltage can enhance the bandwidth of FE-PIPED to beyond
1 THz. We show experimentally that the gate field also increases the sensitivity
slope, which is a key figure of merit for T-wave coherent reception.
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6 Silicon—Plasmonic Integrated Circuits for
THz Signal Generation and Coherent
Detection

In this chapter, we show that PIPED can operate as both, T-wave transmitters
and receivers, and hence lend themselves for application in T-wave systems.
We suggest a proof-of-concept design, in which we monolithically integrate
PIPED with T-wave circuits. The research in this chapter has been published in
Nature Photonics [J4]. The formatting has been adapted to fit the general format
of this thesis. The original publication was supplemented by a methods section
and a dedicated supplementary information, both of which can be retrieved
online https://www.nature.com/articles/s41566-018-0237-x. They have not
been carried over in this thesis to limit the length.

The author of this dissertation and Tobias Harter, Wolfgang Freude and
Christian Koos developed the idea. The author, Tobias Harter, Sandeep
Ummethala and Lothar Hahn contributed to the fabrication of the devices. The
author, Tobias Harter, Wolfgang Freude and Christian Koos developed the
mathematical formulation. The author, Tobias Harter and Alexander Schmid
conducted the measurements. Tobias Harter and Simon Nellen performed
experiments to calibrate the reference Tx and Rx. Tobias Harter performed
electromagnetic simulations. Wolfgang Freude and Christian Koos supervised
the project. Tobias Harter, Wolfgang Freude and Christian Koos wrote the
paper. All authors revised the paper.
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Abstract: Optoelectronic signal processing offers great potential for generation
and detection of ultra-broadband waveforms in the terahertz range (so-called
T-waves). However, fabrication of the underlying devices still relies on
complex processes using dedicated I11-V semiconductor substrates. This
severely restricts the application potential of current T-wave transmitters and
receivers and impedes co-integration of these devices with advanced photonic
signal processing circuits. Here, we demonstrate that these limitations can be
overcome by plasmonic internal-photoemission detectors (PIPEDs). PIPEDs
can be realized on the silicon photonic platform, which allows exploiting the
enormous opportunities of the associated device portfolio. In our experiments,
we demonstrate both T-wave signal generation and coherent detection at
frequencies up to 1THz. To prove the viability of our concept, we
monolithically integrate PIPED transmitters and receivers on a common silicon
chip and use them to measure the complex transfer impedance of an integrated
T-wave device.
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6.1 Introduction

Terahertz signals (T-waves) offer promising perspectives for a wide variety of
applications, including high-speed communications [47, 55, 56], microwave
photonics [57], spectroscopy [9, 58], life sciences [59, 60], as well as industrial
metrology [61, 62]. Optoelectronic signal processing techniques are particularly
attractive for both T-wave generation [47, 63, 64] and detection [48, 65],
especially when broadband tunability of the terahertz frequency is required. On
a conceptual level, optoelectronic generation of continuous-wave (C.w.)
terahertz signals relies on mixing two optical signals oscillating at frequencies
faand f, in a high-speed photodetector, for which the photocurrent depends on
the incident optical power [63]. The photocurrent oscillates with a difference
frequency fqy, :| f,— fb| in the terahertz region, which can be relatively easily
adjusted over the full bandwidth of the photodetector by frequency-tuning one
of the two lasers. In many practical applications, the optical signal oscillating at
fa carries an amplitude or phase modulation, whereas the optical signal at f, is
simply a c.w. carrier. In this case, the phase and amplitude modulation of the
optical carrier is directly transferred to the T-wave carrier. This concept shows
great potential for high-speed wireless communications at terahertz carrier
frequencies and has been at the heart of a series of transmission experiments, in
which record-high data rates of 100 Gbit/s and above have been reached [55,
66, 67]. Similarly, optoelectronic techniques can be used for detection of T-
wave signals. In this case, the T-wave signal is applied to a high-speed
photoconductor and the optical power oscillation at the difference frequency
fruz =| fa — fo| is used as a local oscillator (LO) for coherent down-conversion
to the baseband [48, 65]. This technique was initially developed for frequency-
domain terahertz spectroscopy systems offering a widely tunable frequency
range and a high signal-to-noise ratio [48, 68, 69], and has recently been
transferred to terahertz communications [70].

To exploit the tremendous application potential of optoelectronic T-wave
processing, monolithic co-integration of photonic devices and T-wave
transmitters and receivers is of vital importance. From the technology side,
however, optoelectronic T-wave transmitters and receivers are still rather
complex, relying on high-speed photodiodes [21, 71, 72] or photoconductors
[48, 73, 74] that require dedicated I11-V semiconductor substrates (obtained, for
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example, through low-temperature growth of InGaAs/InAlAs multilayer
structures [48]) and which are not amenable to large-scale photonic integration.
This not only hampers the co-integration of T-wave transmitter and receiver
circuitry on a common chip, but also hinders the exploitation of highly
developed photonic integration platforms to build advanced optoelectronic
T-wave systems that combine photonic signal processing with optoelectronic
frequency conversion on a common chip.

In this article, we demonstrate an approach that allows the integration of
T-wave transmitters and receivers directly on the silicon photonic platform,
thereby exploiting the outstanding technical maturity, scalability and the
comprehensive device portfolio [75, 76] of this material system. The approach
exploits internal photoemission at the metal-semiconductor interfaces of
plasmonic structures [4], which can be directly integrated into widely used
silicon-on-insulator (SOI) waveguides. Our experiments show that these
plasmonic internal-photoemission detectors (PIPEDs) are not only suited for
photomixing at the T-wave transmitter, but also lend themselves to highly
sensitive optoelectronic reception. In a proof-of-concept experiment, we
monolithically co-integrated a PIPED transmitter and a PIPED receiver on a
common silicon photonic chip and used them to measure the complex transfer
function of an integrated T-wave transmission line. In this context, we also
developed and experimentally verified a mathematical model of optoelectronic
T-wave conversion that allows us to quantitatively describe T-wave generation
and detection over a wide range of frequencies.

6.2 Silicon-Plasmonic T-wave Systems

The vision of an integrated silicon-plasmonic T-wave system is illustrated in
Figure 20 using a wireless high-speed transceiver as an exemplary application
case. The system combines a T-wave transmitter, a T-wave receiver and a
variety of other silicon photonic devices [75, 77] such as phase shifters [78-80]
or high-performance modulators [81-84] on a common substrate. C.w. lasers
are coupled to the chip using photonic wire bonds [85], and electrical circuits
such as field-programmable gate arrays (FPGA), digital-to-analog and analog-
to-digital converters (DAC and ADC) are used to drive the modulators and to
further process the received signals. T-wave generation is accomplished by
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Figure 20. Vision of an integrated silicon-plasmonic T-wave wireless transceiver that exploits
optoelectronic signal processing both at the transmitter and at the receiver. The system
combines optical-to-T-wave (O/T) and T-wave-to-electronic (T/E) converters with advanced
silicon photonic devices such as phase shifters or high-performance modulators. Continuous-
wave lasers are coupled to the chip using photonic wire bonds [85], and electrical circuits such
as field-programmable gate arrays (FPGAs), DACs and ADCs are used to drive the modulators
and to process the received signals. The transmitter comprises a T-wave antenna array, fed by
an array of O/T converters that are driven by a series of optical signals. The phases of the
optical and hence the T-wave signals can be precisely defined by an electrically driven optical
phase shifter network, thereby enabling broadband beam steering. Optionally, additional T-
wave amplifiers could boost the power of the generated signals. Coherent detection of the T-
wave signal relies on a pair of optical carriers, the power beat of which serves as a LO for T/E
conversion. Inset 1: false-color scanning electron microscopy (SEM) image of an O/T or T/E
converter. The devices rely on PIPEDs [4] coupled to dipole antennas. The PIPEDs are fed
through silicon photonic waveguides and biased via low-pass structures that are directly
connected to the arms of the antennas. Inset 2: detailed view of a fabricated PIPED. The device
consists of a narrow silicon nanowire waveguide that is combined with overlays of Au and Ti
to form an ultrasmall plasmonic structure with two metal-semiconductor interfaces. Optical
power P is fed to the PIPED by a silicon photonic waveguide.

photomixing the modulated optical signals with an optical c.w. tone in a high-
speed antenna-coupled PIPED acting as an optical-to-T-wave (O/T)
converter [4]. Large-scale monolithic integration of advanced silicon photonic
devices with O/T converters opens up rich opportunities for advanced T-wave
signal processing. Note that, for integrated T-wave systems, the generation and
detection of c.w. signals offers various advantages over pulsed operation (see
Methods in [6] for details). In the example, the transmitter comprises a T-wave
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antenna array, fed by an array of O/T converters that are driven by a series of
optical signals. The phases of the optical signals and hence those of the T-waves
can be precisely defined by an electrically driven optical phase shifter network
[78, 79], thereby enabling broadband beam steering and shaping. Optionally,
integrated T-wave amplifiers can be used to boost the T-wave signals [86]. At
the receiver, optoelectronic down-conversion (T/E-conversion) is used for
coherent detection of the T-wave signal, using the power beat of two optical
waves as a LO. For O/T and T/E conversion, the concept relies on PIPEDs that
are coupled to dipole antennas (Inset 1 of Figure 20).

The PIPEDs are fed through silicon photonic waveguides and electrically
biased by dedicated low-pass structures that are directly connected to the arms
of the dipole antennas. A more detailed view of a PIPED is shown in Inset 2 of
Figure 20. The device consists of a narrow silicon nanowire waveguide that is
combined with overlays of gold (Au) and titanium (Ti) to form an ultra-small
plasmonic structure with two metal-semiconductor interfaces. Note that the
PIPED concept does not rely on the use of gold as a plasmonic material — this
was chosen only for ease of fabrication in the current experiment. When
combined with large-scale silicon photonic circuits, gold-free designs may be
used that allow processing in a state-of-the-art CMOS line [87].

6.3 PIPED for Optoelectronic T-wave Processing

The PIPED concept is illustrated and explained in Figure 21. Figure 21 (a)
presents a schematic cross-section of the device. The Si nanowire waveguide
core is contacted by an Au layer on the left and by a Ti layer on the right (for
details of the fabrication see ref. [4]). To drive the device, light at infrared
telecommunication wavelengths (A= 1.5 um) is coupled to the Si waveguide
core, leading to excitation of surface plasmon polaritons (SPPs) both at the
Au-Si and Si-Ti interfaces. The associated energy levels are sketched in
Figure 21 (b) for a forward bias voltage U > 0, which is counted positive from
the Au to Ti electrode. Free-carrier absorption generates hot electrons in the
titanium with carrier energies above the Fermi level W ri. An equivalent effect
occurs for holes at the Au-Si interface (the relative magnitude of the two
contributions is currently under investigation). The hot electrons and holes have
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Figure 21. Operating principle of PIPED-based T-wave transmitters and coherent receivers.
(a) Schematic of the PIPED, consisting of a silicon core with Au and Ti sidewalls. SPPs
propagating along the z direction are mostly absorbed in the Ti due to the large imaginary part
of its complex electric permittivity . A voltage U is applied between the Au and Ti electrodes.
(b) Band diagram of the Au-Si—Ti junction. Wc and Wy denote the edges of the conduction
and valence bands in the silicon core, and the Fermi levels in Au and Ti are denoted Wga, and
WEe i, respectively. An applied voltage U > 0 and the injection of carriers due to absorption of
light lead to an interband non-equilibrium, which is described by the separation of the quasi-
Fermi levels of conduction-band electrons and valence-band holes, denoted Wr, and Wep,
respectively. Photons absorbed in the Ti layer excite hot electrons, which can overcome or
tunnel through the Schottky potential barrier, leading to a photocurrent 1 = SxP. An equivalent
effect occurs for holes at the Au-Si interface. The relative magnitude of the two contributions
is still under investigation. The carrier emission probability into the Si waveguide core and
therefore the sensitivity S(U) can be increased (U > 0) or decreased (U <0) by varying bias
voltage U. (c) Measured sensitivity S(U) of the PIPED in dependence on applied voltage U. In
the vicinity of a bias voltage, the sensitivity S(U) can be linearized. (d) In essence, the PIPED
can be used as a mixer that multiplies two signals to generate a waveform at the difference
frequency. Top: when used for photomixing (O/T conversion) at the T-wave transmitter (Tx),
the PIPED acts as a power detector, and the output photocurrent corresponds to the product of
two time-dependent optical signals Erxa(t) and Erxb(t). Bottom: when used for optoelectronic
down-conversion (T/E conversion) at the T-wave receiver (Rx), the PIPED combines two
functionalities, namely the generation of a terahertz LO from two optical carriers Etxa(t) and
Erxp(t) and the down-conversion of the received T-wave to the baseband. To this end, the
PIPED is fed by a superposition of two unmodulated optical carriers, oscillating at frequencies
frxa and frxb, While a time-dependent voltage Urx,1(t) modulates the device sensitivity. The
PIPED photocurrent is then given by the product of the time-variant sensitivity with the time-
variant optical power Pr«(t).
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an increased probability to cross the d = 100 nm wide Si barrier, leading to a
photocurrent | from the Au to the Ti side. The photocurrent I depends linearly
on optical power P with a sensitivity (or responsivity) S =1/P. Note that, in
contrast to conventional photodiodes, the measured sensitivity S(U) of the
PIPED depends strongly on the applied voltage U, as shown in Figure 21 (c).
This voltage dependence is a key aspect for efficient optoelectronic T/E
conversion as it allows mixing of an oscillating optical input power with a time-
dependent voltage applied to the PIPED contacts. For a forward bias U >0, the
band edges tilt inside the Si core (Figure 21 (b)), which reduces the effective
width of the potential barrier such that the sensitivity S increases with U. For a
reverse bias U <0, the carrier emission probability is small, and so the
photocurrent remains small. The strong absorption of the SPP allows junction
lengths £ of less than 1 um and device capacitances smaller than C=1 fF
(ref. [4]). With a load resistance of R =50 Q, this would lead to an RC limiting
frequency of 3 THz.

In the current device designs, this limitation is not relevant because the speed
Is limited by the carrier transit times, for which we estimate 1 ps for electrons
and 1.5 ps for holes. This estimate is based on a voltage drop of U =0.5V
within the 100-nm-wide barrier, leading to drift velocities of 10’ cms™ for
electrons and 6.5-10°cms™* for holes [88], close to the respective saturation
velocities. This limits the bandwidth to ~0.44 THz assuming dominating
electron transport and to ~0.29 THz in case hole transport dominates [89]. The
fast device response makes the PIPED an excellent candidate for T-wave
generation and reception at frequencies of 1 THz and above. It is worth noting
that the sensitivity of the PIPED can be increased beyond the values depicted in
Figure 21 (c) by applying larger bias voltages. We have previously
demonstrated sensitivities of up to 0.12 A W (ref. [4]) - the highest value so
far demonstrated for photodetectors based on internal photoemission. This
sensitivity is still below the 0.2-0.3 A W typically achieved for the uni-
travelling-carrier photodiodes (UTC-PD) designed to operate at frequencies
around 0.3 THz (refs. [21-23]), and we expect that further improvements are
possible by optimizing the materials and geometries of the PIPED. Note that the
sensitivity of the photodetector is not of utmost importance for the generation
and detection of T-wave signals, because a smaller sensitivity can be
compensated by launching a higher optical power.
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For O/T conversion, the transmitter (Tx) essentially acts as a mixer
multiplying two time-dependent optical signals Er,,(t) and Eq,(t) to
produce a photocurrent |4, (t) that corresponds to the difference-frequency
waveform, (Figure 21 (d), top). In the following, we only give a short
mathematical description of photomixing and optoelectronic down-conversion
in the PIPED. A rigorous analysis is provided in Supplementary Section 1 in
[6]. We assume that the optical signal Eq,, (t) oscillates at angular frequency
w1y, and carries an amplitude modulation Er,,(t) and/or a phase modulation
@rxa(t), Whereas the optical signal Er,,(t) is simply a c.w. carrier with
constant amplitude Ety ,, frequency w@r, , and phase @y,

ETx,a (t) = IéTx,a (t)COS(wa,at + ¢Tx,a (t))’

. (41)
ETx,b (t) = ETx,b Cos(a)Tx,bt + CDTx,b) .
The optical power Py, (t) then oscillates at the difference frequency
DTy THz = ‘C’)Tx,a - C’)Tx,b‘ 1
Prya(t) = FA)Tx,l (t)COS(Q’Tx,THzt T P THz (t)) ’ (42)

where the amplitude FA’TX,l(t) and phase ¢r, 1, (t) of the oscillation are directly
linked to the normalized amplitude and to the phase of the optical wave:

I:A)Tx,l (t) = IéTx,a (t) IéTx,b’ Prx,THz (t) = Prxa (t) ~Prxp- (43)

When detected by the PIPED (sensitivity S, ), this leads to an oscillating
component in the photocurrent 14, (t) featuring the same frequency and the
same phase as the optical power oscillation:

lrya (1) = rTx,l(t) COS(wTX,THZt T P, THz (t)) ’ (44)
where
l11(t) = Sy Erxa (1) B _ (45)

Hence, any modulation of the amplitude ETX,a (t) or phase @y, (t) of the
optical signal translates directly into an amplitude and phase modulation of the
T-wave. The amplitude of the emitted terahertz field is linearly connected to the
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sensitivity Stx and can be increased by applying a larger forward bias to the
PIPED. Exploiting this concept, broadband high-quality terahertz signals can
be generated by using widely available optical communication equipment. The
terahertz field is radiated by an antenna or coupled to a transmission line.

Similarly, PIPEDs can be used for T/E conversion in the T-wave receiver
(Rx) (Figure 21 (d), bottom). In this case, the device combines two
functionalities, namely the generation of a terahertz LO from two optical
carriers and the down-conversion of the received T-wave to the baseband. To
this end, the PIPED is fed by a superposition of two unmodulated optical tones,
oscillating at frequencies wgy , and @y, :

ERx,a (t) = éRx,a COS<wa,at T Prxa )’

Erup ()= éRX,b Cos(a)Rx,bt + PRy o ) (46)

This leads to an oscillating power at freqUency wg, 11, =|®ry s — @ryp| With
phase gry Th;:

Prxa(t) = ISFax,l COS(wa,THzt + (PRx,THz) (47)
where
Prx1= ErxaBrxbr PrxTHz = Prxa — Prxb - (48)

At the same time, the PIPED is biased with a DC voltage Ug, o, which is
superimposed by the time-variant terahertz signal URX’l(t) generated by the
terahertz antenna. The overall time-dependent voltage applied to the PIPED
hence reads

Uk (t) =Ugxo +Urna(t), (49)
where

Ugrxa (t) =U Rx,1 (t)cos(a)Tx,THzt + Py THZ (t) = Preax ) (50)

In this relation, the phase at the receiver depends on the phase delay ¢, ., that
the T-wave experiences when propagating from the Tx to the Rx. Due to the
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voltage-dependent PIPED sensitivity, the time-varying voltage Ug, (t) leads to
a temporal variation of the sensitivity Sg, (U RXl(t)), oscillating at frequency

wryTH, OF the incident T-wave. The PIPED photocurrent is given by the product
of the time-variant sensitivity with the time-variant optical power Pg, ;(t). For
the case of homodyne detection, @gy1h, = @ryTH, = @rH,. the baseband
current at the output of the Rx PIPED is given by

lgg (t)=lggo + lgsa(t)

. (51)
=lggo + |BB,1(t)C05((0BB (t))’

where the amplitude fBB,l(t) of the time-variant part of the baseband
photocurrent and the associated time-variant phase ¢gg(t) are connected to the
amplitude and phase of the time-variant terahertz signal Ug,,(t):

2 du T ’ (52)
?B (t) = P, THz (t) ~Prx,THz T Prirx

For sensitive detection, the slope dSg, /dURX|URx,0 of the sensitivity as a

function of voltage has to be maximized such that small variations of the
terahertz voltage translate into large variations of the baseband photocurrent

amplitude. The phase ¢gg (t) may be properly adjusted with the variable time
delay 7., (Figure 22 (a)). A more convenient alternative measurement
technique is explained in the Methods of [6].

6.4 Demonstration of T-wave Generation and
Detection

For an experimental demonstration of the PIPED performance in O/T and T/E
conversion, we first characterized the Tx and Rx separately. To this end, we
fabricated a PIPED that was connected to an on-chip dipole antenna as shown
in Inset 1 of Figure 20. To supply a bias voltage U, , to the PIPED, we used
bias lines equipped with terahertz chokes that prevent leakage of terahertz
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signals from the antenna; see Supplementary Section 3 in [6] for details of the
antenna design. Note that the dipole antenna is not optimum for transmitting
and receiving terahertz power over a broad frequency range. We still decided to
use this antenna concept due to its small footprint, which allowed us to densely
integrate a large number of PIPEDs on a test chip. The dipole antennas may be
replaced by bigger spiral or bow-tie structures in future devices. To measure the
device performance, we used the set-up depicted in Figure 22 (a), where the Tx
and Rx are driven by the same lasers for homodyne detection. To increase the
sensitivity of T-wave detection, we used a modulated bias voltage U+ that
leads to a modulated terahertz power and helps in detecting the received T-wave
with a lock-in amplifier. The T-wave is transmitted via a silicon lens and
redirected to the lensed Rx antenna by an off-axis parabolic mirror.

TH; : *Transimpedance
radiation b amplifier &
: 0 ; lock-in amplifier

0 Ve

Silicon

Figure 22. Demonstration of PIPED performance for O/T and T/E conversion. (a)
Experimental set-up. To measure the PIPED Tx and Rx separately, the respective other
component is replaced by a commercially available device in a free-space set-up. Light from

two lasers with frequencies f, and f, is superimposed to obtain an optical power beat at
frnz =| fa — fp|, which generates a T-wave in the PIPED Tx or acts as a LO for homodyne
detection in the PIPED Rx. When using the PIPED at the Tx, the device is biased by a DC
voltage U+, o, which is modulated by an AC signal for lock-in detection. The bias is applied

to the PIPED Tx via dedicated on-chip low-pass structures (terahertz chokes), see Inset 1 of
Figure 20. The same structures are used at the PIPED Rx, along with an additional bias-T in
the feed circuit that allows the DC bias to be separated from the AC lock-in signal. The AC
signal is fed to a transimpedance amplifier and detected by a lock-in amplifier. (Figure
continues on the next page.)
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When operating the PIPED as a T-wave Rx, we either apply a defined bias voltage Ug, o by

connecting an external voltage source (switch position 1), or we leave the bias contacts open
(switch position 0, ‘zero bias current’), which leads to a build-up of an internal forward bias of

Uy upon illumination of the PIPED. (b) PIPED as a T-wave Tx. The radiated power (blue)

was determined by a commercial reference Rx (Toptica, EK — 000725). The Tx antenna and
terahertz chokes were designed for a resonance frequency of 0.385 THz (see Supplementary
Section 3 in [6]). The peaks at lower frequencies are caused by unwanted resonances on the
choke structures. For comparison, we also plot the simulated terahertz power (solid red)
emitted by the PIPED via the silicon substrate and an adjacent silicon lens. The shape of the
measured frequency characteristic coincides reasonably well with its simulated counterpart,
while the absolute power levels obtained from the measurement are ~14 dB below the
simulated values. We attribute this to losses in the set-up and to imperfect coupling of the
PIPED terahertz beam to the reference Rx. For better comparison of the shapes, we shifted the
simulated characteristic by 14 dB (dashed red) to coincide with the measurement. Details of
the simulation are provided in the Methods and Supplementary Section 9 in [6]. (c) PIPED as

T-wave Rx. Measured conversion factor I' = IABB‘1 / Q/ Pru; (green) as a function of Rx bias

voltage Up, o . The bias-dependent sensitivity slope dS/dU |u (blue) features a maximum

Rx,0
that deviates slightly from the maximum of the conversion factor I" at a carrier frequency of
0.3 THz. We attribute this effect to the voltage dependence of the transit time. (d) Conversion
factor I' of the Rx as a function of the terahertz frequency both for zero-bias-current operation
(Uryo ®0.2V) and for an externally applied DC bias of Ug, , =0.45V, which leads to the

maximum conversion factor in (c).

To characterize the PIPED Tx performance, we determined the emitted
power as a function of frequency by comparison to a commercially available
terahertz reference Tx (Toptica, EK — 000724) (see Methods in [6]). To ensure
traceability, the emitted power Pr, ¢ Of the reference Tx was measured using
a calibrated pyroelectric thin-film sensor. We then detected the emission of the
PIPED and the reference Tx with a commercially available photoconductive
terahertz receiver (Toptica, EK — 000725). The terahertz power Pr,pipep
generated by the PIPED Tx leads to a current I, ppep in the reference receiver,
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while the emission of the reference Tx generates a receiver current I, ¢ . The
PIPED terahertz output power can then be estimated by

2
I:>THz,PIPED = I:)THz, ref (IRX,PIPED/IRx,ref ) . (53)

The frequency dependence of the terahertz power emitted by the PIPED is
shown in Figure 22 (b). The PIPED is capable of generating radiation at
frequencies of up to 1THz. The measured transmitted power Pry,pipep
obtained according to Equation (53) is depicted as a blue solid line.

For comparison, we perform a simulation of the terahertz power that the
PIPED emits into free space via the silicon substrate and an adjacent silicon
lens; the results are plotted as a solid red line. Details of the simulation are
provided in the Methods and Supplementary Section 9 in [6]. The shapes of the
measured and simulated frequency characteristics coincide reasonably well, but
the absolute power levels obtained from the measurement are ~14 dB below the
simulated values. We attribute this effect to losses in the set-up and to imperfect
coupling of the PIPED terahertz beam to the reference Rx. The peaks in the
simulated and measured frequency characteristic are caused by antenna and bias
line resonances. The roll-off at larger frequencies is predominantly caused by
the carrier transit time in the 100 nm-wide silicon core of the PIPED
(Supplementary Section 9 in [6]). This width can be further reduced [4], for
example to 75 nm, which would decrease the transit time accordingly. To avoid
irreversible damage to the device in our Tx experiments, we chose to limit the
optical power such that the mean photocurrent did not exceed 50 pA. The
measured radiated output power exhibits a maximum of approximately
—55 dBm at 0.3 THz. Note that this value, as well as its simulated counterpart
of approximately —40 dBm, are still well below the power levels that can be
achieved by state-of-the-art discrete terahertz sources. As an example,
commercially available electronic multipliers (www.vadiodes.com) permit
output powers of tens of milliwatts at 0.3 THz when operated with input powers
of hundreds of milliwatts at 150 GHz, and similar levels can be achieved with
IMPATT diodes (www.terasense.com). However, these devices are limited to
certain frequency bands or even to single-frequency operation for the case of
IMPATT diodes. Photomixing in high-speed UTC-PDs on I11-V substrates
allows for broadband operation, with power levels of up to 1.2 mW at 0.3 THz
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achieved for a pair of devices operated in parallel [21]. The power level of our
commercial terahertz reference Tx is -19dBm at 0.3 THz, measured by a
calibrated pyroelectric detector (Supplementary Section 2 in [6]). In comparison
to these established terahertz generators, our current PIPED devices are still
inferior in terms of maximum output power. Note, however, that the PIPED
approach exploits the intrinsic scalability advantages of highly mature silicon
photonic integration and is hence perfectly suited for integrated T-wave signal
processing systems that combine the T-wave Tx and Rx on a common chip.
These systems can be operated at very low power levels as shown in the next
section. In addition, the output power of PIPED systems can be further
increased. For instance, the maximum applied current of 50 pA is still well
below the actual damage threshold of the PIPED, and we expect that much
higher operating currents can be safely applied provided that the devices are
thermally connected to a proper heat sink (Supplementary Section 5 in [6]).
Moreover, the output power can be increased by connecting an array of devices
to a single antenna or transmission line (Supplementary Section 12 in [6]).
Exploiting the coherent superposition of the individual terahertz currents, an
array of n synchronously pumped PIPEDs connected in parallel would increase
the terahertz output power of the Tx by a factor of n2. The small PIPED length
of roughly 1 um, the small capacitance below 1 fF, and the large resistance in
excess of 10 kQ would easily allow the connection of n =10 PIPEDs to the
antenna feed point, leading to a power gain of 20 dB. Moreover, the intrinsic
scalability of silicon photonics allows large-scale antenna arrays to be built on
a single chip, which could further increase the output power as well as the
directivity of the emitted terahertz power.

To evaluate the PIPED Rx performance, we used a commercially available
Tx (Toptica, EK — 000724). According to Equation (52), the baseband
photocurrent amplitude lgg; depends linearly on the amplitude Ug,; of the
terahertz voltage, which is proportional to the square root of terahertz power
Pry, - As a metric for Rx sensitivity, we can hence define the ratio

| ds X
[—_BBL o RX Pax1 (54)
\/ I:)THz Rx URX,O
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which describes the conversion factor from the terahertz signal to the baseband
photocurrent. The linear relationship between lgg; and /Py, was confirmed

experimentally (Supplementary Section 4 in [6]). The conversion factor
depends on the sensitivity slope dSg, /dUg,|U,.,, see Equation (52). This was
experimentally confirmed by measuring the conversion factor I' in dependence
on the bias voltage Ug, at a frequency of 0.3 THz. The result is depicted in
Figure 22 (c) (green, left axis) along with the slope of the sensitivity (blue, right
axis) derived from the static S(U) characteristic in Figure 21 (c). The two

curves are in fair agreement. We also verified that the conversion factor depends
linearly on the incident optical power Fgy; (Supplementary Section 4 in [6]).

These findings confirm the validity of our PIPED model used to describe the
RX.

Similarly, we demonstrate the ability of a PIPED to perform broadband T/E
conversion at the Rx. To this end, we measured the conversion factor I" as a
function of terahertz frequency for two cases. In a first measurement, we left
the bias contacts open, which corresponds to switch position 0 in Figure 22 (a)
(zero-bias-current operation). This leads to the build-up of an internal forward
bias of Ug, o #0.2V when illuminating the PIPED (Supplementary Section 6
in [6]). For the second measurement, we turned the switch in Figure 22 (a) to
position 1 and connected an external DC voltage source Ug, o =0.45V. The
results of the measured conversion efficiencies I" are shown Figure 22 (d). The
PIPED is able to receive radiation at frequencies up to 1 THz and beyond. At a
frequency of 0.3 THz, the devices exhibit a conversion factor of 95uA/\/W for
bias voltages of Ug, , =0.45V and 44uA/\/W for zero bias current, that is,
internal bias voltages of Ug, o ~ 0.2V . As expected from Figure 22 (c), the bias
voltage of 0.45 V leads to a larger slope dSg, /dUpg,|U,,, Of the sensitivity and
hence to a higher conversion factor as compared to the 0.2V bias. The
resonances in Figure 22 (d) and the drop of the conversion factor for larger
frequencies are caused by the frequency response of the antenna, the PIPED and
the bias lines.

If we assume a 50 Q load, the conversion factor I" can be translated to a
conversion gain of %FZ x50€2, which corresponds to — 73 dB for zero-bias-
current operation and — 66 dB for a bias voltage of 0.45 V. This is clearly below
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the conversion gain of —8.5dB that can be achieved by state-of-the-art
electronic subharmonic mixers (www.vadiodes.com) operating at 300 GHz
with a 150 GHz electronic local oscillator. Note, however, that the PIPED
T-wave receivers can be tuned across a large range of operation frequencies that
exceeds that of discrete mixers, which are usually limited to the specific
transmission band of the waveguides needed to package the discrete devices and
to block unwanted frequency components. Regarding optoelectronic down-
conversion of T-wave signals, InP-based UTC-PDs have been exploited [22,
90, 91], leading to a conversion gain of —30 dB at a frequency of 0.3 THz (ref.
[22]). However, down-conversion in UTC-PDs relies on the dynamic
capacitance associated with accumulation of carriers in the absorption region
and is hence only efficient for very high optical powers (for example,
80 mW) [22]. This leads to large DC currents and hence a strong noise
background in the baseband current (for example, 28 nA/ JHz ,); see Methods
in [6] for details. Hence, despite the large conversion gain, the baseband signal-
to-noise power ratio (SNR) of UTC-PD T-wave receivers is limited, and levels
of 57 dB Hz ! have been demonstrated at a frequency of 0.3 THz for the devices
of ref. [91]. In contrast to that, PIPEDs exploit an intrinsically voltage-
dependent sensitivity (Figure 22 (c)) and thus require only relatively small
optical power levels. For a PIPED operated with zero bias current, we measured
a noise current of 9pA/\/E and a SNR of 85dBHz ™" at 0.3 THz. These
figures compare very well to the noise current of 15pA/\/Eand SNR of
91dBHz™ reported for state-of-the-art photoconductors [48] as well as to the
18pA/«/E and 84pA/\/E that we measured when replacing the PIPED Rx
with photoconductive reference Rx. The conversion gain of the reference Rx is
— 67 dB at 0.3 THz (Supplementary Figure 1 (b) in [6]) and hence is comparable
to that of the PIPED RXx.

Based on these findings, we conclude that a PIPED T-wave Rx can already
provide conversion factors and SNR levels that are comparable to those of
conventional I11-V devices while offering an ultra-compact footprint. It is also
worth noting that the PIPEDSs reported here are first-generation devices that still
feature large potential for further performance improvements. As an example,
using parallel arrays of n PIPEDs connected to a single Rx antenna would allow
boosting the power conversion factor in proportion to n2, hence allowing
improvements of the conversion gain by one to two orders of magnitude
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(Supplementary Section 12 in [6]). Note also that the load resistance of 50 Q
assumed for translating the conversion factor I" into a conversion gain is not the
optimum choice: the PIPED itself features a large output impedance well above
10 kQ, and the conversion gain would hence increase if load resistances larger
than 50 Q could be used. Given the ultrasmall capacitance of the PIPED
(Supplementary Section 9 in [6]), this would be possible without imposing
significant RC limitations to the bandwidth of the device. These aspects indicate
that the PIPED-based T-wave Rx has the clear potential to unlock a wide variety
of applications that rely on optoelectronic T-wave signal processing in compact
integrated systems.

The SNR achieved with our PIPED RXx is sufficient for many spectroscopic
or diagnostic applications, where lock-in detection and large integration times
lead to a small detection bandwidth. Application of Rx PIPEDs in high-speed
terahertz communication would still require higher SNR, dictated by the large
bandwidth of the data signal. Assuming that a viable transmission link requires
a signal power that is at least 10 dB larger than the noise power in a 10 GHz
signal bandwidth, the SNR needs to be larger than 110 dB Hz™. By using a high-
power transmitter, for example, an UTC-PD [21], or by using a T-wave
amplifier [86], T-wave powers of more than 0 dBm can be achieved, which
would increase the SNR to more than 100dB Hz!. Combining these
transmitters with parallel arrays of PIPEDs connected to the same Rx antenna
would lead to SNR values suitable for wireless communication links.

6.5 Monolithically Integrated T-wave System

To demonstrate the technological advantages of the PIPED concept, we
monolithically integrate arrays of PIPED Tx and PIPED Rx on a common
silicon chip. Tx and Rx are coupled by short T-wave transmission lines having
various lengths L between 10 um and ~1 mm. An SEM image of such a Tx—Rx
pair is displayed in Figure 23 (a). A 1-um-wide gap in the middle of the T-wave
transmission line acts as a DC block to decouple the bias voltages of the Tx and
Rx. The insets in Figure 23 (a) show magnified pictures of the Tx, the Rx, and
the gap. In the experiment, we used the PIPED Tx and Rx to measure the
amplitude and phase transfer characteristics of the transmission line at terahertz
frequencies; the associated set-up is shown in Figure 23 (b). Optical signals are
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fed to the Tx and the Rx PIPED by separate silicon photonic waveguides
equipped with grating couplers. As in the previous experiments, the Tx and Rx
are fed with two optical spectral lines f, and f, at varying frequency separations.
The Tx is biased in the forward direction U, >0 and feeds the T-wave
transmission line. At the end of the transmission line, the Rx PIPED acts as a
homodyne receiver to coherently detect the T-wave signal and to down-convert
it to a baseband current lgg,, (51) and (52). The Rx PIPED is operated under
zero-bias-current conditions to minimize noise. Because the PIPED features a
large impedance at terahertz frequencies, all transmission lines are essentially
terminated by open circuits at both ends and thus act as T-wave resonators, for
which the resonance frequencies are dictated by the respective geometric length
L. At the Rx, we measure the baseband photocurrent lgg ;. By sweeping the Tx
frequency, we can separate the amplitude lgg; from the phase ¢gg (see
Methods in [6] for details). To quantify the transmission line transfer
characteristics, we used the complex transfer impedance Z,, =|Z,|e 1221 which
is defined as the ratio of the complex T-wave voltage amplitude at the Rx PIPED
and the complex T-wave current amplitude at the Tx PIPED. The magnitude of
the complex transfer impedance is directly proportional to the baseband current
amplitude lgg;

1Z1|= arBB,l : (55)

where the proportionality factor a depends on the operation conditions of the
Tx and Rx PIPED (Supplementary Section 7 in [6]):

-1
1 dSg,

a=|3 quU Ist,l Stx (UTX,O) P x1| - (56)
Rx URx,O

The corresponding phase ¢,, is obtained from ¢gg by swapping the role of the
Tx and Rx PIPEDs, thus allowing us to eliminate the influence of the unknown
group delay in the optical fibers (see Methods in [6]). The measured magnitude
and phase characteristics of the transfer impedance Z,; ., are depicted as blue
traces Figure 23 (c-e). For comparison, we also numerically calculated the

transfer impedance of the T-wave transmission lines using a commercially
available time-domain solver. The results of the simulated transfer impedance
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Figure 23. Demonstration of T-wave system on a silicon chip. (a) False-color SEM image of
the terahertz system, consisting of a T-wave TX, a coplanar transmission line, and a T-wave
Rx. Light is coupled to the PIPED Tx and Rx by silicon waveguides (Si wg) and grating
couplers (GC). Bias pads (BP) and terahertz-blocking bias feeds (terahertz chokes) allow a
voltage to be applied to or a signal current to be extracted from the PIPED. A gap in the middle
of the transmission line separates the bias voltages of Tx and Rx. Insets: magnified SEM
images of Tx, Rx and the transmission line gap. (b) Experimental set-up for on-chip
transmission-line measurements. Tx and Rx are fed with two optical spectral lines f, and f, at

varying frequency separations. The Tx is biased in the forward direction U, >0 and feeds

the T-wave transmission line. At the end of the transmission line, the Rx PIPED acts as a
homodyne receiver to coherently detect the T-wave signal by down-conversion to the baseband

current lgg ;. To reduce the noise, the switch is set to 0 to operate the Rx PIPED with zero-
bias current. (c)—(e) Magnitude and phase characteristics of the complex transfer impedance
Z,1 =|Z51|exp(i@,1) . Red curves show simulated frequency characteristics of ‘Zmim‘ and

®sim for three transmission line lengths L=0.01, 0.63 and 0.95 mm, and blue curves

represent corresponding measurement results ‘Zm,meas

and @1 meas - The frequency roll-off of
the PIPED is modelled by an RC low-pass filter with a 3 dB frequency of f3yg =0.3THz
(Appendix of [6]). Measurements (blue) agree very well with the simulation (red).

Z,1sim are shown as red traces in Figure 23 (c-e). Note that calculating the

proportionality factor a according to Equation (56) is subject to large
uncertainties because the experimental operating conditions of the Tx and Rx
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PIPED at terahertz frequencies are only known approximately. To estimate
|Z21| from the measured baseband photocurrent amplitude lgg;, we therefore

chose a such that we obtained the best agreement between the simulation and
measurement (Supplementary Section 8 in [6]). Moreover, we numerically
corrected for the frequency roll-off of the PIPED when deriving the measured

~

transfer impedance Z,; ,.,s from the baseband photocurrent amplitude lgg; .

To this end, the transit-time limited frequency response of both PIPEDs was
approximated by an RC low-pass characteristic with a corner frequency of
0.3 THz, obtained from a least-squares fit of the measurement data
(Supplementary Section 8 in [6]).

The measured and simulated transmission line characteristics show perfect
agreement with respect to amplitude and phase over the entire frequency range
fry, =0.05—0.8THz, corresponding to a span of 1.5 decades. The field

distributions along the transmission lines were investigated by numerical
simulations of the structures, see Supplementary Section 10 in [6]. These
findings show that signal processing in PIPED can be quantitatively described
by a reliable mathematical model, thus enabling deterministic photonic—
electronic signal processing over an ultra-broadband frequency range.

6.6 Summary and Outlook

We have demonstrated a novel approach to T-wave signal processing that
exploits internal photoemission at metal-semiconductor interfaces of silicon—
plasmonic structures. This approach allows to monolithically co-integrate
T-wave transmitters and receivers on the silicon photonic platform, thus
enabling a novel class of photonic—electronic signal processors that may exploit
the outstanding technical maturity and performance of the silicon photonic
device portfolio. When used as a T-wave RX, the performance of our current
PIPED devices can already compete with state-of-the-art IlI-V
photoconductors, while further improvements are still possible by optimized
device geometry and materials. The devices are analyzed and described by a
quantitatively reliable mathematical model. In a proof-of-concept experiment,
we use co-integrated PIPED transmitters and receivers to measure the complex
transfer function of an integrated T-wave transmission line.

[end of paper]
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This thesis introduces and experimentally demonstrates a novel approach of
exploiting internal photoemission (IPE) for ultra-broadband photodetectors. For
brevity, we name the resulting device a PIPED, an acronym for Plasmonic
Internal Photoemission Detector. PIPED represents the first detector based on
IPE that operates at technically viable performance figures. The excelling
performance is due to its specific structure that combines a metal-
semiconductor-metal (MSM) with a metal-oxide-semiconductor (MOS)
junction similar to a MOS-field-effect transistor. This combined MSM/MQOS
junction has nano-scale dimensions and allows PIPED to combine surface
plasmon polaritons (SPP) and internal photoemission in a virtually ideal way:
Light is coupled from a silicon photonic waveguide and transformed to a surface
plasmon polariton in a metal-semiconductor-metal junction made of gold,
silicon and titanium. The silicon core in this layer stack is less than 100 nm
wide. Gold and titanium have vastly different absorption characteristics, which
leads to a strong SPP absorption at the Ti surface, depositing most of the
incident optical power there. Due to the strong localization of SPP, hot electron-
hole pairs are created in the metal directly at the interfaces - close enough to
allow a hot carrier transfer across the interfaces, thus creating a photocurrent.
Applying voltages across the MSM or the MOS junction allows to control the
electronic band structure and thus the internal carrier distribution, further
improving the device performance. More specifically, applying a voltage across
the MSM junction increases the hot carrier transfer probability and enables
carrier tunneling through the barrier, while a voltage across the MOS junction
creates a highly conductive carrier channel and increases the optoelectronic
bandwidth to the terahertz frequency range (T-waves).

The extremely high bandwidth of PIPED enables the generation of T-waves
by photomixing, exploiting the beating of two optical carrier tones with a
frequency difference in the THz domain. PIPED can also act as a coherent T-
wave receiver: The pronounced voltage dependency of the sensitivity allows to
down-convert T-waves by superposition with an optically created local
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oscillator. Hence, PIPED are viable candidates for optoelectronic T-wave
systems.

The key accomplishments of this work are summarized below, beginning from
device aspects, and moving to system aspects:

First demonstration of a silicon plasmonic photodetector with technically
viable performance figures: We experimentally demonstrated PIPED with a
record-high sensitivity of more than 0.12 A/W at a wavelength of 1550 nm and
with large optoelectronic bandwidths well above 40 GHz. We expect that the
sensitivity can be increased to at least 0.24 A/W by controlling the input
polarization of the light. We prove the viability of the PIPED concept for real-
world applications by receiving on-off keying (OOK) data at a rate of 40 Gbit/s.
This performance was orders of magnitude above the state of the art for this
class of devices at the time of its publication.

Development and implementation of a straightforward PIPED nano-
fabrication scheme in silicon: Our fabrication process is able to create PIPED
with a device footprint of below 1 um?2. The device remains stable for silicon
core widths even below 20 nm, which matches the capabilities of latest
semiconductor fabrication techniques [92]. This makes PIPED much smaller
than competing Si/Ge or UTC photodetectors, which typically consume space
in the order of 100 pm? [19]. Hence, PIPED allow for an unprecedented
optoelectronic integration density.

Ultra-wide range of operation: The PIPED operation range is only limited by
the absorption band edge of silicon and the barrier height of the metals. For our
PIPED design, we expect a useful operation range from 1130 nm to more than
2000 nm. We have yet to determine the optimal operation wavelength that
maximizes the sensitivity.

Ultra-high optoelectronic bandwidth beyond 1 THz: We show that a
standard transit-time limited PIPED already features a bandwidth of the order
of 300 GHz. This bandwidth can be significantly increased: A gate electrode
allows to induce a conductive channel in the device where its dynamic response
Is determined by dielectric relaxation instead of the carrier transit time. We
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show that this concept is effective even at T-wave frequencies. Our simulations
show that by using this gate electrode, the optoelectronic bandwidth can be
increased to well above 1 THz.

First demonstration of silicon plasmonic T-wave transmitters and
receivers: Exploiting the high bandwidth and the voltage-dependent sensitivity,
the same PIPED device can generate T-waves by photomixing and receive T-
waves by optoelectronic down-conversion using an optically generated local
oscillator. Using this technique, our PIPED is capable of receiving T-waves
with frequencies above 1 THz, even when no additional field-effect is
employed.

First demonstration of integrated T-wave systems: We show that PIPED can
be monolithically cointegrated with T-wave circuits. As a proof-of-concept
experiment, we create a T-wave system comprising two PIPED that are
connected by an on-chip T-wave transmission line. One PIPED is operated as a
T-wave transmitter while the other acts as a T-wave receiver. We show that this
setup allows to measure the complex-valued transfer characteristics of the
transmission line in the frequency range from 0.05 THz to 0.8 THz.

7.1 Outlook

The achievements of this work are enabled by the unique characteristics that
PIPED offers for silicon-plasmonic photodetection. However, the developed
devices represent only our first-generation proof of concept. Conceptual
adaptions that seek to improve the performance and that address the device’s
limitations are possible. In the following, we list a few selected starting points
for future developments.

CMOS compatibility: The fabrication process that we employed in this work
is fundamentally not CMOS compatible, mainly due to the presence of gold.
The presence of gold is not permissible in silicon foundries due to its strong
propensity to diffuse into silicon. The metal evaporation and deposition at
grazing incidence is also not a standard technique in the CMOS tool set.
However, the fabrication process can be made CMOS compatible in principle.
The gold drain electrode could be replaced by copper, which is a standard
material in CMOS processing and features similar plasmonic characteristics.
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Other options for the titanium source electrode could be metal silicides like
titanium silicide or tungsten silicide. These materials are typically used to create
an efficient ohmic contact between metals and semiconductors by reducing the
potential barrier at the interface. This is a feature of particular interest when it
comes to internal photoemission.

Output current, damage threshold, and thermal coupling: The maximum
current that we could extract from the PIPED in our experiments was limited by
a relatively low damage threshold for an individual device. The small footprint
of PIPED leads to very high current densities, even at moderate optical input
powers. Our post-failure analyses of damaged devices revealed that the most
prominent failure mode was melting of the source and drain electrodes,
indicating extreme temperature conditions at the time of device breakdown.
This issue can be addressed by several measures. First, a layer of a surrounding
material with a high heat capacity and conductivity could act as a heat sink,
reducing the temperature stress imposed on PIPED devices during operation.
Second, also device-internal measures might help. Heat is a consequence of
inelastic collisions of carriers, for example due to carrier scattering at rough
interfaces. Improving the sidewall roughness of the PIPED interfaces might
already significantly decrease the power dissipation in the device. A more
advanced approach might be found in the deposition of two-dimensional layers
on the silicon core. The reduced density of electron states in the two-
dimensional layer reduces the electron-phonon scattering [93]. Hence, usage of
such layers might allow to reduce the interaction of the electronic system and
the phonon system, the excitation of which is the strongest contributor to a
device heating.

Another possible approach to increase the output current is to distribute the
optical input power among an array of PIPED, where the individual source (or
drain) electrodes are interconnected, e.g., in an interdigitated structure. The
overall receiver current is then the sum of all individual PIPED current
contributions. State-of-the-art semiconductor processing is capable to create
dense layer arrays of MSM junctions back-to-back. Hence, the total device
footprint would still be small.

High-k dielectrics as gate oxide: We used SiO, as a gate oxide, mainly due to
its excellent properties for device fabrication. However, the permittivity of SiO,
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is relatively low. Using high-k dielectrics like Al,O3 as gate oxide instead might
allow to significantly reduce the required voltage levels for operation on the
gate. Such reduction is beneficial for future operation schemes where a weak T-
wave directly controls the gate voltage. In such an application, a T-wave fed to
the gate contact can act as a local oscillator in the silicon plasmonic coherent
receiver. High-x dielectrics can also be used to improve the optical properties
of the device, for example by increasing the field enhancement in the oxide
layer. A higher field in the oxide improves the field localization at the metal
apexes and hence can lead to a further increased sensitivity.

We believe that future PIPED with CMOS-compatible fabrication, with an
improved damage threshold, and with improved materials will open a path to
densely integrated optoelectronic systems operating at unprecedented efficiency
and bandwidth.
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8 Fabrication and Characterization
Technology for High-Speed Plasmonic
Photodetectors

This chapter provides supplementary information (SI) to the general tools
employed for the fabrication and characterization of silicon plasmonic
photodetectors. The content is largely identical to the Sl of our original paper
[J6] in which we reported about PIPED:

Copyright © 2016 Optica Publishing Group (formerly OSA). Users may use, reuse, and
build upon the article, or use the article for text or data mining, so long as such uses are for
non-commercial purposes and appropriate attribution is maintained. All other rights are
reserved. https://doi.org/10.1364/0OPTICA.3.000741

Silicon-Plasmonic Internal-Photoemission Detector for 40 Gbit/s Data
Reception — Supplementary Information

S. Muehlbrandt!?”, A. Melikyan!?, T. Harter?, K. Kéhnle!?,
A. Muslijat, P. Vincze3, S. Wolf?, P. Jakobs?, Y. Fedoryshyn?, W.
Freude?, J. Leuthold?, C. Koos#*, M. Kohl**

We have used this Sl as a basis, and we supplemented further content that we
developed in the meantime.
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Figure 24. PIPED eigenmode attenuation characteristics. (a) Absorption length in the detector
core as a function of the core width for the eigenmodes with dominant horizontal (TE) and
vertical field orientation (TM). The insets exemplarily show the associated optical field
magnitudes at a silicon core width of w = 150 nm. (b) Power dissipation ratio of Ti over Au.
The fraction of light absorbed in the Ti is significantly larger than the fraction in the Au.

8.1 Power Attenuation Constant and Device
Length

The power attenuation constant a in the photodetector core determines the lower
limit for the minimum technically useful device length. We use a two-
dimensional finite-element method to numerically compute the complex-valued
effective refractive index n. =n, — jn; associated to the eigenmodes y of the
MSM waveguide with dominant horizontal and dominant vertical field
orientation. We use experimentally obtained data for the complex frequency
dependent permittivities of Au [17] and Ti [18]. The details for the numerical
modelling can be found in Chapter 10.

The imaginary part of the effective refractive index n, and the free-space
wavenumber ko = 2n/A define the power attenuation constant a = 2kon;. The
associated absorption length for which the optical intensity has decayed by a
factor of 1/e is given by laps = 1/a. = 1/(2kon;).

Figure 24 (a) shows the absorption lengths for the eigenmodes of the detector
core with dominant vertical or horizontal field alignment as a function of the
detector core width w. The absorption length is significantly smaller than 1 pm
for w < 150 nm and for either field orientation. This is due to an ever-increasing
field confinement inside the detector core as the junction width w is decreased.
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A large field overlap with the absorbing Ti layer leads to a rapid absorption of
light. The absorption length increases again for the dominant vertical field
orientation at widths w < 100 nm as the mode is increasingly guided outside the
MSM junction, farther away from the Ti. Taking five absorption lengths as a
basis, detectors with a length between (2.5 ... 5) um absorb more than 99 % of
the optical field, depending on the detector width and the polarization. These
short absorption lengths enable ultra-compact plasmonic photodetectors.

The analyses from the Sections 4.4 and 5.5.1 indicate that Ti is a good
photoemitter, especially under high biasing conditions. Hence, a high
localization of light absorption in the Ti is crucial for a high performance. This
condition is naturally met in the PIPED design. Figure 24 (b) shows the ratio of
optical power absorbed in the Ti and the power absorbed in the Au. The power
absorption has been evaluated from the eigenmode and the field overlap with
the metals, see Section 10.1 for details. Ti absorbs significantly more power
throughout the entire range of practical core widths w. For the TM mode, the
highest ratio reaches a value of 25x at w =125 nm. The decrease for even
smaller w < 125 nm corresponds to the decreasing absorption length in Figure
24 (a), which might be due to a smaller field overlap with the drain and source
electrodes for the TM mode and for very small w. However, the power
dissipation ratio of the TE mode steadily increases for smaller w, even
exceeding a value of 30x at w=50nm. We analyze the distinct power
distribution in the full PIPED structure in the following section.

8.2 Optical Coupling and Absorption

A suitable distribution of light absorption is a deciding factor for the
optoelectronic conversion performance of the PIPED. The ideal detector
geometry deposits all optical power at the titanium, which is a better
photoemitter than gold, and at the top of the detector core, where the separation
of the metals is the smallest. Conversely, the light absorption in the tapered
mode converter should be minimized, as the carrier extraction efficiency is
smaller due to the metal separation being larger than in the core. We analyze
the absorption characteristics of our device by a numerical simulation. The
simulation uses a full-vectorial 3-dimensional simulation of the PIPED,
including the silicon
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Figure 25. PIPED simulated absorption characteristics for different mode converter lengths
and core widths w in the range from 50 nm (red curves), 100 nm (green curves) and 150 nm
(blue curves). The analysis distinguishes the total power absorbed in the detector (full lines)
and the detector core (dashed lines). The difference between the two associated lines is the
power absorbed in the mode converter. The absorbed power fractions are further distinguished
between the metals titanium (subfigures (a) and (b)) and the gold (subfigures (c) and (d)), as
well as for the polarization (TE in (a) and (c), TM in (b) and (d)). All subfigures show that the
power absorption in the Ti dominates for the entire parameter range under analysis.

photonic input waveguides, the tapered mode converter, and the detector core.
The details of the numerical modelling environment can be found in Chapter 10.

The model computes the optical power dissipation in each metallic
compartment of the PIPED, i.e., the power deposited in the titanium and the
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gold, and distinguishes the power absorbed in the mode converter and the core.
We employ the mode converter length Lraer and the detector core width w as
simulation parameters and select them in the typical range from
Lraper = 150 nm ... 800 nm, and w =50 nm ... 150 nm. The simulation is
executed for the TE and the TM polarization.

The results can be found in Figure 25, subfigures (a) through (d). The Ti
dominates the absorption for the entire range of simulated parameters and for
all polarizations, featuring an order of magnitude larger power absorption than
the Au. Hence, we will focus on the absorption in the Ti in subfigures (a) and
(b) in the following. For both the TE and the TM polarization, very short mode
converters result in a relatively low total absorption in the device, indicating
large reflection at the input of the detector. This is not unexpected due to the
large difference of the effective indices in the silicon photonic input waveguide
and the plasmonic one, as well as the vastly different field distributions.

The total absorbed power in the device (full lines) increases with increasing
mode converter length. This indicates an optimized coupling to the device due
to a more efficient mode conversion from the silicon photonic waveguide to the
plasmonic section. However, the absorbed power in the core decreases with
increasing mode converter length. This is expected, as the mode converter in
itself is strongly absorbing and dissipates a large fraction of the incident optical
power. The longer the mode converter is, the less power can reach the core
(dashed lines).

Specifically for the TE polarization, the absorption characteristics do not vary
strongly across different core widths. It can be seen that the total absorbed
power does not increase anymore when the mode converter is longer than
Lraper = 350 nm, while the power absorbed in the core decreases.

Surprisingly, shorter mode converter lengths Lryaper < 350 nm decrease the
total amount of absorption in the device, but increase the fraction of absorbed
power in the device core. Following this finding would mean that a very short
or no mode converter at all should work best in terms of optoelectronic
conversion. However, this doesn’t match the experimental results we obtained
for the variation of the mode converter lengths, indicating no distinctively
improved performance for PIPED with short mode converters.
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We believe that the reason for this apparent contradiction might be that above
power dissipation analysis does only account for the absolute power deposited
in the metal, integrated across the entire metallic domain. However, only the
fraction of power absorbed in close proximity of the metal apex has relevance
for the optoelectronic conversion. This understanding is in line with our results
for the optoelectronic conversion efficiencies of the same PIPED operated in
TE or TM polarization in Section 4.5 Optical Coupling and Photocurrent
Polarization Dependence. The photocurrent for the TM mode was nearly twice
the as large as for the TE mode, due to the better excitation of photocarriers
close to the metal apexes. Furthermore, our simulation shows that the PIPED
with no converter or a short converter in fact comprises significant electric field
strength in the core, but it is located far away from the apex. It is expected that
light absorbed in the core but away from the apex does not contribute
substantially to the photocurrent.

For the TM polarization, Figure 25 (b), there is only a weak dependency of
power absorbed in the core and the mode converter length. The curves for a
given core width w are relatively flat. However, there is a more pronounced
dependency on the width itself. It seems that it is increasingly difficult to couple
power to ever smaller cores.

Note that the results discussed in this section are related to a similar
discussion in Section 4.5, Table 7. Compared to our previous discussion, the
results in this section have been created from an updated simulation
environment, where the definition of the PIPED structural features have been
improved. Consequently, this leads to slightly different numerical results with
no substantial impact on the main findings. (Example: Total absorption in the
Ti PrilP1ot for TE polarization and Lraper = 550 nm according to the update: 0.73,
previous results 0.80.)

We conclude that the method presented above is helpful to understand the
principles of coupling to the PIPED device by means of an adiabatic mode
converter. However, the modelling does not allow to establish an immediate
relation between the absorbed power and the resulting opto-electronic
conversion efficiency. To achieve this, the model must be supplemented to
relate the local light absorption to the carrier dynamics in the metals, including
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the emission efficiency across the MS-barrier. As of now, such comprehensive
model does not exist to the best of our knowledge.

8.3 Fabrication

The fabrication of ultra-narrow MSM waveguide structures with semiconductor
layer thicknesses below 100 nm, smooth sidewalls and different metal layers
without direct contact poses a considerable challenge on nanofabrication. While
direct etching of metal-coated waveguides via a reactive-ion etching (RIE) or
reactive ion beam etching (RIBE) process suffers from poor selectivity of resist
over metal, multiple lift-off processes become very critical in the sub-100 nm

o e .
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Figure 26. Fabrication sequence of plasmonic internal-photoemission detectors (PIPED)
(@) 80 nm thick thermal oxide is grown and patterned on top of a weakly p-doped silicon on
insulator (SOI) wafer with a device layer height of 340 nm in x-direction. The Si height after
oxidation is 300 nm. (b) The hard mask is undercut using isotropic etching of silicon with an
SF6 chemistry at room temperature. The hard mask is unaffected due to the high selectivity of
SiO; over Si. The ratio of vertical to lateral etch rate is ~3. The Si core remains mechanically
stable for the width w = 75 nm. (c) Au or Ti are deposited on the sidewall of the Si core under
grazing incidence. The hard mask serves as an evaporation shadow preventing electrical
shortcut. (d) SEM image of the undercut hard mask before metallization. The hard mask is
translucent and reveals the underlying Si core. The inset shows a magnified image of the silicon
core with a width of w=75nm. The Si tapers connect the plasmonic section to photon
waveguides on either side of the detector. The photonic parts are protected from metallization
by a PMMA resist layer.
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range. Therefore, we introduce a new process that is based on direct metal
evaporation at self-masking silicon nanowires.

Here, the process is demonstrated for silicon-on-insulator (SOI) chips with a
low p-doped 340 nm silicon device layer (resistivity ~10 Qcm). The SOI chips
are first thermally oxidized to create an 80 nm thick top oxide layer. The oxide
layer is patterned using electron beam lithography and RIE with a CHF;
chemistry, generating a hard mask for the layout of photonic and plasmonic
sections on the residual 300 nm of the silicon device layer (Figure 26 (a)).
Subsequent electron beam lithography with PMMA resist opens the plasmonic
sections and defines the contour of the electrodes for external electronics. The
resist layer serves as a mask for an isotropic etching step with SFg at room
temperature (Figure 26 (b)). The SF¢ only attacks the silicon in the opened
plasmonic and electrode sections and leaves the oxide unharmed. The oxide
hard mask is undercut and the electrode areas are etched down to the buried
oxide. As a result, a silicon nanowire with an oxide cap is created. Due to the
Isotropic nature of this etching step, the surface roughness of the silicon is well
below the roughness of the original mask of below 20 nm. The structure is
mechanically stable for lateral nanowire widths of w =75 nm and below. In a
further step, the undercut oxide serves as a hard mask for metal evaporation at
grazing incidence with respect to the plane of the chip from both sides of the
nanowire using different metals (Figure 26 (c)). Under such condition, an
asymmetric MSM junction is created without an electrical short circuit. The
metal thickness of approximately 40 nm was chosen to exceed the SPPs
penetration depth. With a carefully designed PMMA mask for angled
metallization there is no fundamental limit in the device length, and devices
with a length L <5 um become possible. This processing is not restricted to
metals. In principle, any desired lateral layer sequence can be achieved, given
that the materials can be directionally deposited. After metal lift-off, the
remaining silicon is fully etched with an anisotropic SFs etching step at
cryogenic temperatures. The previously patterned oxide hard mask is used to
transfer the photonic waveguides und the diffraction grating couplers into the
silicon device layer. The photonic waveguides have a width of 400 nm and a Si
height of 300 nm. The 80 nm thick oxide hard mask is not removed.
Figure 26 (d) shows an SEM image of a plasmonic section before metallization.
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HSQ hard mask

W< 20 nm

L |

Figure 27. Comparison of PIPED with different hard mask materials. (a) Oxide hard mask
prepared from thermal oxidation of silicon. The 80 nm thick oxide layer provides excellent
masking properties. It remains stable even for undercuts that leave only w =75 nm of Si.
Undercuts with a remaining silicon width of less than 50 nm make the structure unstable. This
is due to the thermal stress that is induced during the oxidation process. (b) Hard mask
structured from an HSQ resist layer. The HSQ mask is not as resilient as the oxide and the
layer height is depleted during the Si etch. However, as the HSQ is structured without tensile
stress, the mask remains stable even for very small Si widths w > 20nm. The ratio of Si feature
width and lateral mask width is larger than 10:1.

The plasmonic sections are connected to Si photonic waveguides by mode
converters that are modelled as MSM adiabatic tapers. This processing scheme
allows for fabrication of lambda-scale active plasmonic devices with electrode
distances below 75 nm.

The minimum lateral width w of the Si is limited by the tensile stress of the
oxide hard mask. The oxide layer is created at high temperatures in excess of
1000 °C by thermally oxidizing the silicon layer. The Si and the SiO, layer
accumulate a tensile stress during the cool down phase after the oxidation. The
adhesion between the layers is strong enough to prevent delamination.
However, when the oxide layer is undercut, the interface between the strained
Si0O; and the Si becomes smaller and the capability of the Si to hold the SiO; in
place decreases. We have found that in the structural configuration used in our
experiments (oxide layer thickness 80 nm, oxide layer width 340 nm) the SiO;
does typically not delaminate at remaining silicon widths of w =75 nm, see
Figure 27 (a). The lateral aspect ratio for such structure is 4.5:1 (width of hard
mask:width of Si). The probability of delamination increases when w decreases
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and structures with w <50 nm become gradually more unstable during the
following process steps.

PIPED with smaller widths w < 50 nm become feasible by eliminating the
tensile stress between the hard mask and the Si layer. This can be achieved by
replacing the thermal oxidation process step by deposition of a hard mask. A
suitable replacement for SiO, is HSQ, which is a negative tone resist. The HSQ
layer is spun on the Si. The hard mask preparation is completed by electron
beam lithography and resist development. We found in our sample preparation
campaigns that PIPED prepared from HSQ allow for Si widths even below
w < 20 nm, see Figure 27 (b), while leaving the other structural parameters
width and thickness of the hard mask unchanged. This corresponds to a lateral
aspect ratio of more than 17:1. This means a 340 nm wide layer of HSQ is
suspended by a silicon pedestal of less than 40 atomic layers measured at its
narrowest diameter.

We found that the HSQ utilized in our campaigns did not provide the same
excellent properties as compared to the thermally oxidized SiO, hard mask.
Figure 27 (b) shows that the layer thickness of the HSQ is significantly
decreased from the initial 80 nm thick layer after the etching, indicating a worse
etch resilience of HSQ compared to SiO,. Furthermore, our opto-electronic
characterization of PIPED prepared with HSQ hard masks showed that neither
the sensitivity, nor the resilience against dielectric breakdown amount to the
performance of PIPED prepared with SiO, hard masks. To replace the SiO; hard
mask, our processing techniques for HSQ must first be improved. Alternatively,
other materials with additional function, like high-k-dielectric materials, might
even turn out a better pick in regards of the PIPED performance. They might be
able to not only provide an etch-resilient hard mask, but could improve the field-
effect characteristic of FE-PIPED (see Chapter 5 “Field-Effect Silicon
Plasmonic Photodetector for Coherent T-wave Reception”).
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8.4 Opto-Electronic Characterization

The following sections explain how we characterize our devices after
fabrication. Light at the wavelength of 1550 nm is amplified in an Er-doped
fiber amplifier (EDFA) and coupled into the fabricated chip by diffraction
grating couplers. The photonic waveguide mode is excited with a dominantly
horizontal electric field component. The coupling losses of the grating couplers
and the propagation losses of the photonic waveguides are assessed with the
subtraction method. The transmission T of photonic reference waveguides is
determined as a function of waveguide length |, see Figure 28. The transmission
as a function of waveguide length is a linear function on a semi-logarithmic
scale. The slope m of this function is the waveguide propagation loss amounting
to m =2 dB/mm. The y-intercept Ty corresponds to two times of the grating
insertion loss, T¢/2=10.1dB. The high propagation losses of the SOI
waveguides are due to the surface roughness of the non-optimum negative-tone
resist that was used to structure the SiO2 hard mask. This loss contribution can
be reduced to the order of 1 dB/cm using high-resolution resists like HSQ [94].

We use an RF probe with ground signal (GS) electrode configuration to pick
up dark current lq and photocurrent I, from the device. The photodetector is
biased with a precision source/measure unit (Agilent B2960A). For DC
measurements, the current-voltage characteristic is measured under
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Figure 28. Measurement of photonic waveguide propagation loss and grating coupler insertion
loss.
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illumination at various power levels P. Measurements at dark conditions serve
as a reference to assess the photocurrent 1, = I - l4 and the sensitivity S =1,/ P.

For Polarization sensitive measurements, we cleave SOI chips and access the
photonic waveguides from the chip edges using polarization maintaining (PM)
fibers. The slow polarization axis of the fiber is aligned with the surface normal
of the photonic chip. For alignment of the coupling fiber, we use a rotatable
fiber holder and a free-space polarizer. The orientation of the linear polarization
at the input of the PM coupling fiber is then controlled with a fiber-coupled half-
wave plate (Thorlabs PC FFB 1550). The half-wave plate allows rotating the
polarization corresponding to a full 360° revolution of the electric field vector
at the input of the PM fiber. Due to the strong birefringence of the PM fiber,
only input electric fields parallel to one of the polarization axes represent a
linear polarization at the input of the photodetector.

For opto-electronic bandwidth measurements, a bias tee is inserted into the
electronic circuitry after the probe to split electronic DC and RF signals. A 2-
port vector network analyzer (VNA, Anritsu 37397C) is used to drive a Mach-
Zehnder Modulator (MZM), creating an intensity modulated signal. The optical
signal is received by the PIPED and the electrical signal is returned to the VNA.
The RF-network is referenced with a photodetector standard (Anritsu
MN4765A). The RF-probe is not referenced for.

8.5 Data Reception Experiment

Infrared light at the wavelength of 1550 nm is launched into a MZM. The
intensity of the optical signal is encoded with a pseudo-random bit sequence
(PRBS) with a bandwidth of up to 40 Gbit/s, resulting in an on-off keying
optical signal. This is the highest data rate directly available in our labs. The
modulated light is amplified by an EDFA, then coupled to the Si chip and
received by the biased PIPED. The electric signal is directly amplified after the
RF-probe and a sampling head of a digital communication analyzer records the
eye diagram (Agilent 86100 Infinilum DCA-J C).
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The design of PIPED specifically aims at exploiting internal photoemission for
high-speed photo detection. While the design is the key to the excelling
performance of PIPED, the previous chapters have rather focused on its
technological benefits as compared to the validation of PIPED design
principles. However, investigating the physical conditions of internal
photoemission in the device is essential to establish device models and to
improve the performance of succeeding PIPED device designs.

In this chapter, the photocurrent dependency on wavelength and optical input
power of metal-semiconductor-metal (MSM) junctions is analyzed. To this end,
different MSM test designs are created and their photocurrent response is
recorded. From the results it can be inferred that in PIPED devices, most of the
photocurrent stems from single hot carriers instead of a heated carrier gas. We
furthermore find that PIPED operates across an optical wavelength range from
A =1300 nm to at least 1600 nm, and we expect the usable range to cover an
even larger wavelength range from the Si absorption-band edge at 1130 nm to
beyond 2000 nm.

Premise

From a phenomenological perspective, light enters the PIPED device and
creates a measurable photocurrent in the external circuit. The photocurrent is
created due to photon absorption at metal-semiconductor interfaces and
subsequent carrier injection from the metals into the semiconductor. However,
it is yet unaddressed to which extent the emission is due to single hot carriers or
due to a hot carrier gas at an elevated temperature T..

The understanding of the internal sources of the photocurrent sets guidelines
for future device designs: If single hot carriers constitute the majority of the
photocurrent, then device designs that increase the lifetime of hot carriers could
increase the carrier extraction efficiency since the single carriers would have
more time to attempt the crossing of the MS-interface. Such increase in lifetime
could be achieved by controlling the local density of states, e.g., by shaping the
metal electrode into two-dimensional patterns. The reduced density of electron
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states in the two-dimensional layer reduces electron-electron, as well as
electron-phonon scattering, which increases the carrier lifetime [93].

Conversely, if thermionic emission of a hot carrier gas generates the majority
of the photocurrent, then the extraction efficiency might be improved by
insulating the hot-carrier gas from thermalizing with the surrounding phonon
system. The following sections explain the details of our analysis.

9.1 Methodological Approach and Setup

We use Equation (23) (Fowler photoemission) and (21) (thermionic emission)
to discriminate the relative current contributions of single hot carrier emission
and emission from a heated carrier gas. Both equations predict a distinctively
different photocurrent, rendering the effects distinguishable in the experimental
data:

e |f single hot carriers dominate the photocurrent, then Equation (23)
holds. In this case, the photocurrent should increase exponentially with
the photon energy (or inverse exponentially with wavelength) and
linearly with the power at a given photon energy.

o |fthe heated carrier gas dominates the photocurrent, then Equation (21)
holds and the photocurrent would increase with the carrier gas
temperature according to a square-law. It is fair to assume that the
temperature of the carrier ensemble increases linearly with the total
amount of deposited power. In this case, it does not matter whether the
additional power is provided by an increase of photon energy for a
given number of photons, or from an increase of the number of photons
at a given photon energy.

The data presented in this chapter are based on three different MSM device
designs I, I, and Ill, which represent intermediate prototype-stages of the
PIPED device development. These early devices were already able to output
photocurrents under light illumination and hence could be used to characterize
the MSM interfaces. However, the performance was not yet up to the record
results obtained from the final PIPED and FE-PIPED designs reported about in
the Chapters 4, 5 and 6. The structure and properties of the device designs are
summarized in Figure 29 and Table 8.
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Figure 29. MSM designs employed for test structures. The designs represent intermediate
stages from the development before the final PIPED design (a) Wedge structure. The MSM
junction is created on cleaved shards from Si wafers. The MS interfaces are so large that dark
currents would dominate under applied voltages. (b) PIPED without feed waveguide. The
devices are obtained from fabrication of long MSM junctions and cleaving, thereby exposing
the facet. The device lengths are in the order of 5 mm, hence voltages cannot be applied due to
excessive dark currents. (c) PIPED including feed-waveguide. The device lengths are short
enough to allow applying voltages. However, the device facet is not accessible and coupling is
achieved via the feed waveguide. The oxide cap and the gate electrode have been omitted in
(b) and (c) for better visibility.

Table 8. Properties of PIPED designs.

Design I, Figure 29 (a) 11, Figure 29 (b) 11 Figure 29 (c)
w ~50 nm—150nm 75 nm— 200 nm 75 nm — 200 nm
L ~500 pm ~5 mm ~ 10 um

H 10 mm 300 nm 300 nm

Light Via exposed Via exposed Via waveguide
coupling PIPED facet PIPED facet facet

Voltage No, dark current No, dark current Yes

applicable?  dominates. dominates

We use a cleaved fiber to supply the light and assume that the light spot is
always much larger than the facet of the MSM junction and that the fraction of
light coupled to the MSM junction for various wavelengths and for a given
power in the fiber is essentially the same. With this assumption, we neglect a
wavelength-dependent coupling loss to the MSM junction.
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We use a wavelength-tunable laser source that spans the range from
1270 nm — 1420 nm, corresponding to photon energies hf in the range
from 0.868 eV —0.977 eV. The lower wavelength (higher photon energy)
threshold is sufficiently far away from the Si-band edge and direct inter-band
absorption of Si can be excluded. The higher wavelength threshold is limited by
the performance of the laser source. We use a second laser source to couple light
at 1550 nm.

We expect a strong polarization-sensitivity of the photocurrent for all tested
MSM designs due to the plasmonic properties of the detectors. We manually
optimize the polarization for highest photocurrent for measurements with test
Design I. For measurements with the Designs Il and Ill, we use a polarization-
maintaining optical setup and a free-space polarizer to select the input
polarization. We do not apply an external voltage to the Designs | and II. These
designs are much longer as Design Ill, and an external voltage would lead to an
excessive dark current. Without a bias voltage, we only expect electron
emission from Au into Si according to the evaluation of Chapter 2.2 The device
current is recorded using a source-measure-unit (SMU).

9.2 Experimental Results

Wavelength and Power Dependence, Sample Design /

To identify the dominant contribution to the carrier emission, the photocurrent
must be measured across a wide range of wavelengths and incident optical
powers. To this end, we use the sample Design | in Figure 29 and Table 8, as
this design allows to easily supply light directly on the MSM facet, without the
need to correct the photocurrent amplitude for a wavelength-dependent silicon
photonic waveguide. The coupling to such waveguide and the propagation in
the waveguide would both introduce wavelength dependent losses. The amount
of optical power coupled to the MSM test junction would strongly change while
the wavelength is swept.

We specify the measured photocurrents in relation to the photon energy
(wavelength) given by the laser source and the optical input power in the fiber,
as the actual power that reaches the MSM junction is unknown.
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Figure 30. Photocurrent and extraction efficiency obtained from sample Design I, which relies
on a wedge structure as indicated in the upper left corner. (a) The graph shows the photocurrent
Ip (hf, Popt) as an array of curves, with the photon energy hf as the variable. The optical power
increases from the lowest curve to the highest. The power increments are not equidistant. The
associated spacing is visible in the following subfigure. The photocurrent increases
exponentially with the photon energy, which is a clear indication of Fowler photoemission. (b)
The same data as (a), drawn with the optical power as the variable. The current essentially
increases linearly with power. (c) The extraction efficiency features a band-like structure,
which can be interpreted as a residual contribution of thermionic emission. The relative width
constitutes an upper limit for this contribution and we estimate a maximum contribution
between 10 % and 20 %.

Figure 30 shows the photocurrent I, (hf, Poy) as an array of curves obtained
from sample Design | as a function of photon energy hf and optical power Pqp:.
Figure 30 (a) shows that the photocurrent grows exponentially with the photon
energy, which fits the expectation of Fowler’s photoemission in Equation (23).
The current grows by more than a factor of 6 in the measured photon energy
range for all optical powers under consideration. Figure 30 (b) shows the same
data set as a function of the optical input power. The current increases
essentially linearly with power in the measured range, which is a further
indicator of Fowler photoemission as the dominant carrier emission process.
The gaps in the measurement are due to performance limitations of our laser
source, which did not stabilize in certain wavelength and power configurations.
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To quantitatively estimate the current contribution of the thermionic emission
from the heated carrier gas, we determine the extraction efficiency (EE), i.e.,
the number of electrons emitted per photon:

): Ip/e (57)

EE(hf,P
( Popt /hf

opt

In the case of pure Fowler photoemission, the EE should only depend on the
photon energy and be otherwise entirely independent of the deposited power.
All EE curves should come to rest on each other. However, a perfect overlay is
not observed in Figure 30 (c). The EE curves still form a somewhat broadened
band-like structure. This implies that there might be at least some contribution
from thermionic emission. We evaluate the relative widths at the boundaries,
I.e., the ratio of minimum current for a given photon energy and the maximum
current. We find a 10 % relative width at the high energy threshold and a 20 %
width at the lower one.

We assume that these numbers constitute only an upper limit for the
contribution of thermionic emission to the overall current. Other unaccounted
effects seem to play a role, too. This can be seen from the array of curves in
Figure 30 (b), which are not perfectly linear and feature a slight downward
slanting with the power, while thermionic emission would predict an upward
slanting. One possible explanation could be that our model is incomplete,
possibly omitting other nonlinearities in the dependency of the current and the
optical power.

Evaluation of Barrier Height, Sample Design I/

We proceed with measurements of the sample Design Il. These samples have
undergone practically the same fabrication process as the final PIPED designs.
Specifically, all the etching steps that condition the metal-semiconductor
interfaces are applied to this sample Design Il, which was not the case for
Design I. Due to this treatment and due to the possibility of coupling a wide
range of wavelengths directly onto the MSM facet, this design is ideally suited
to investigate the barrier heights at the MS interfaces and to relate them to the
final PIPED design.
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Figure 31. Measurement of Au-Si barrier height. A PIPED device of Design Il is cleaved to
have a length L ~10 mm, which is significantly longer than usual. The facet exposes the
Au-Si-Ti junction to light with variable frequency f. The light is absorbed by the metals, and
photoemission leads to a current | through the junction. At zero bias, only electrons from the
Au contribute to the photocurrent. The measured photocurrent is normalized, and a nonlinear
regression to Fowler’s photoemission formula is applied, see Equation (23). The parameter yo
(total barrier height) is of no interest here. The barrier height gaue = 0.82 eV (energy measured
from the Fermi energy) can be extracted as a fitting parameter.

The barrier heights at metal-semiconductor interfaces strongly depend on the
materials and on the preparation of the surfaces, and values of around
0.3 eV [54] have been measured for interfaces of Au and neat Si surfaces. In
our case, we rely on interfaces between Au and chemically treated Si surfaces
prepared by reactive ion etching, which might significantly affect the actual
barrier height, for example by gold diffusion or by surface states created by the
Si processing [13]. To confirm the barrier height ¢a, e = 0.82 eV, which we used
following [12, 13], we experimentally evaluated the photoemission current of
sample Design Il, which was exposed to a free-space irradiating wavelength-
tunable laser beam, see Figure 31. We apply nonlinear regression of the
measured current to fit the data to Fowler’s photoemission model, see
Equation (23). We extract the Au-Si barrier height as a fitting parameter. We
find a barrier height at the Au-Si interface of @gaue = 0.82 eV, which is in good
agreement with [12]. Furthermore, we use the physical device simulator
SILVACO ATLAS to model the dark current characteristics of the PIPED, see
Chapter 10.2. Using the parameters as described in Table 2, we find the
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predicted device currents to be in good agreement with our measurements. This
Is irrespective of whether the Si is slightly p- or n- doped, which is an indication
that the barrier heights at the MS interfaces are indeed dominated by the
conditioning during the reactive ion etching steps. These aspects lead us to
believe that we employed a good approximation to the correct barrier height.

Wavelength Operating Range, Sample Design I/l

We assess the operating range of the PIPED by using sample Design Ill and
measure the photocurrent for different wavelengths. Specifically, we chose
1550 nm (photon energy 0.8 eV) and 1300 nm (photon energy 0.955 eV), as
both wavelengths are important for optical communications. Furthermore, from
the choice of wavelengths, we expect a deeper insight to the emission
characteristics in the PIPED: The photon energy of 1550 nm light is just below
the largest barrier height in our device, i.e., the Au-Si interface ¢ga,e = 0.82 eV.
The photon energy of 1300 nm light is significantly above this barrier height.

We apply an external bias voltage Ups. The gate-gate source voltage Ugs is
kept floating. The light is irradiated on a cleaved waveguide facet and then
coupled to the PIPED. The same optical input power is used for all wavelengths.
However, due to the coupling method, it is not known how much power
ultimately reaches the PIPED after coupling to the waveguide and subsequently
to the PIPED core. It is assumed that the difference in coupling efficiency for
both wavelengths is not substantial. Figure 32 (a) shows the photocurrents for
1550 nm (l1s50) and 1300 nm (l1300) obtained for a PIPED of 200 nm width and
5 um length. The photocurrents l1ss0 and l13q0 are in the same order of magnitude
for both wavelengths. The same holds for the sensitivities S, consequently. We
find that the general progression of the recorded traces is very similar,
comprising a nonlinear increase of the current for large positive bias voltages
and a saturation of the current for negative bias voltages.
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Figure 32. Performance comparison for two different operating wavelengths 1300 nm and
1550 nm. Sample Design 11 is used for this measurement. (a) The photocurrents l1ss0 and l1300
are in the same order of magnitude for both wavelengths. Two domains are discernible: For
negative bias voltages Ups, the current l1300 dominates, while l1ss0 dominates for large positive
voltages. The reason for this switch can be understood from the current ratio, see Subfigure (b).
(b) The ratio of the currents lsso / 11300 changes very strongly with bias voltage. This is a
consequence of the differences of photon energy and barrier heights. For negative bias
voltages, the barrier at the Au-Si interface ¢@aue=0.82 eV limits the carrier emission. The
highest energetic carriers from absorption of 1300 nm light are well above this barrier
(0.955 eV), while the highest energetic carriers from absorption of 1550 nm light barely come
to rest at the level of the barrier (0.8 eV). For positive voltages, both photon energies are well
above the barrier at the Si-Ti interface ¢rie = 0.62 €V. There is no substantial difference in
carrier extraction efficiency for either wavelength, i.e., the current then only depends on the
impinging photon rates. For the same optical input power, the beam of 1550 nm light contains
1.19 times the number of photons of the beam at 1300 nm. We find that the ratio of the currents
tends towards lisso / l1300 = 1.4, which is slightly larger than expected — possibly due to
different absorption characteristics for the two wavelengths.

We find that the ratio of the sensitivities Sisso / S1300 Changes very strongly
with bias voltage, see Figure 32 (b): For negative bias voltages |Si3o0| > [S1ss0|
always holds. This condition changes for positive bias voltages. Sisso ultimately
grows larger than S;300 for a positive bias of Ups > 1.33 V. We interpret this
finding as a consequence of the differences of photon energy and barrier
heights. For negative bias voltages, the barrier at the Au-Si interface
daue = 0.82 eV limits the carrier emission. The highest energetic carriers from
absorption of 1300 nm light are well above this barrier, while the highest
energetic carriers from absorption of 1550 nm light do not reach the level of the
barrier. For positive voltages, both photon energies are well above the barrier at
the Si-Ti interface ¢rie = 0.62 eV. Hence, there should be no substantial
difference in carrier extraction efficiency for either wavelength. The current
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then only depends on the impinging photon rates. For the same optical input
power, the beam of light at 1550 nm features an 0-9556% 8eV=1.19 times

larger photon rate than the beam at 1300 nm. We find that the ratio of the
currents tends towards lisso/ lizo0 = 1.4, which is slightly larger than the
expected value. This could be due to differences in the absorption
characteristics.

To generally confirm that the sensitivity increases with the wavelength under
forward bias conditions (i.e., with electron emission from the Ti), we measured
the wavelength range from 1300 nm until 1600 nm. We find that the sensitivity
in fact increases in this range, confirming our conjecture. The measurable
wavelength range was limited by the equipment that was available in our
experiments.

In summary, we find that the useful operating wavelength range of PIPED at
least extends from 1300 nm to 1600 nm. With the considerations of the section
before, the high-energy cut-off threshold should be given by the Si absorption
edge at 1130 nm (1.1 eV). This high-energy cut-off only applies for PIPED that
are fed by silicon waveguides. These waveguides would consume all the optical
input power before the light reaches the PIPED. Devices fed from free space
would not feature any practical high-energy cut-off, as the silicon absorption is
insignificant compared to the absorption in the metals. The low-energy cut-off
threshold under forward bias should be given by the Si-Ti barrier height,
predicting a still useful sensitivity at a wavelength of 2000 nm (0.62 eV).
However, the ideal operating wavelength has ultimately not yet been
determined and is up to future work.

Validation of Device Layout, Sample Design /Il

We have established in Chapter 4.2 that the key to the superior PIPED
performance is the narrow silicon device core combined with the asymmetric
design, using different metals on the drain and source electrodes. The
asymmetric design leads to an efficient deposition of the optical power in the
titanium electrode. The narrow core enables an efficient carrier extraction from
the Ti, and tunneling through the metal-semiconductor barrier becomes possible
when high external bias voltages are applied. These considerations have been
the core principles in the PIPED design. This section shall supplement further
experimental data, validating these design decisions.
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Figure 33. Performance comparison of PIPED with varying designs, measured at A = 1550 nm.
(a) Dependence of sensitivity on silicon core width. The array of curves shows the measured
sensitivities of PIPED with core widths from w = 400 nm down to 100 nm. The sensitivity is
the larger, the narrower the core width becomes. (b) Comparison of PIPED in the standard
design (layer sequence Au-Si-Ti, blue curve) and an adapted symmetric design (Au-Si-Au, red
curve). The symmetric Au-Si-Au design performs significantly worse at positive voltages
compared to the standard design Au-Si-Ti, featuring only around 1/10 of its sensitivity.
Figure 33 (a) shows the sensitivities recorded from a set of PIPED, with core
widths varying from w = 400 nm to 100 nm. The array of curves shows a clear
trend, where narrower core widths lead to a better performance in terms of
sensitivity. Specifically, while all PIPED show a moderate increase in
sensitivity with bias voltage Ups the onset of tunneling is only visible for the
narrowest PIPED with w = 100 nm in the recorded voltage range, see upwards
slanting of the blue curve at Ups = 2.5 V in Figure 33 (a). These results confirm

that narrow PIPED are preferred to achieve a high sensitivity.

Figure 33 (b) compares the sensitivities of PIPED with the standard layer
sequence Au-Si-Ti at the core to an adapted PIPED design with a symmetric
sequence Au-Si-Au. To this end, the same chip design has been fabricated
twice. One of the samples has been metallized with the standard layer sequence.
For the other sample, the Ti deposition step has been replaced by another
deposition of Au, thus resulting in a symmetric design. Unsurprisingly, the
symmetric design yields a symmetric photocurrent characteristic around
Ups = 0. We also find that the adapted design performs significantly worse
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compared to the standard design in the high positive bias voltage range, which
Is the relevant one for the detector operation. The adapted design features less
than 1/10 of the performance of the standard design. Interestingly, in the
otherwise unimportant reverse-bias voltage range, the symmetric Au-Si-Au
design performs better. We attribute this to the capability of Au to both emit
electrons on the negatively charged side and to emit holes on the positively
charged side. Note that the samples in Figure 33 (b) are not identical in core
widths. The symmetric design has a width of w =150 nm, the asymmetric
design has a width of w = 125 nm. The set of usable samples was limited on this
fabrication run due to a generally low yield. However, we are convinced that
the choice of samples is not detrimental to our findings in a substantial way.

In summary, we confirm that the PIPED design with an asymmetric core
layer sequence Au-Si-Ti and a narrow core width provides the optimal
performance.
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Numerical device modelling is an essential prerequisite to understand the device
physics on a fundamental level. For the purposes of photodetection, the
photonic and electronic properties of PIPED are of special importance. We
numerically simulate the PIPED to identify the key design parameters. Based
on this, we used the improved understanding to define design guidelines and an
optimized device layout in the Chapters 4 and 5.The following sections explain
the details of the numerical modelling environments, as well as their capabilities
and limitations.

10.1 Nanophotonic Modelling with COMSOL

We use COMSOL Multi Physics as a simulation environment for the
nanophotonic modelling of PIPED. This tool offers a broad set of simulation
methods, from which we employ a fully vectorial 3D finite-element simulation
in frequency domain. The goal of the simulation is to analyze the coupling of
light to the PIPED and to optimize the absorption characteristics within.

The simulated device has been structured to represent the actual fabricated
PIPED device. The simulation domain contains the silicon-photonic feed
waveguides, the tapered photonic-to-plasmonic mode converter, and the
detector core itself. The structural features have been taken from the device
design and verified by scanning electron microscopy. Figure 34 shows a
comparison of the actual device, (a), and a graphical representation of the
simulated structure, (b). The length of the plasmonic taper Lraper and the detector
core width w are used as simulation parameters that have the most crucial
influence on the PIPED optical performance. All other structural parameters are
kept constant. Table 10 shows a list of the parameter values typically used in
our simulations. We define the permittivities of the materials that make up the
PIPED (i.e., silicon, gold [17], titanium [18], and silicon oxide) according to
published reference values for the metals, which are strongly frequency-
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dependent. For the dielectrics, we use the predefined permittivity values of
COMSOL. Table 9 lists the permittivities employed in our simulations for the
relevant wavelength A = 1550 nm.

(b)

z T
< Top cover
A

SiO, hard mask

w = // t Ti Lpet

Z

Figure 34. Structural comparison of a fabricated PIPED and the simulated device in COMSOI
Multiphysics. (a) PIPED micrographs of top view (left) and cross-section (right). Lraper and
Lpet denote the lengths of the photonic-to-plasmonic mode converter and the detector core.
(b) Schematic of the simulated PIPED structure with viewing angles similar to (a). The relevant
free design parameters are highlighted. The typical parameter values are given in Table 10.
The structure has been defined to approximate the fabricated PIPED as closely as possible
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Table 9. Optical properties of PIPED photonic model.

Material Relative permittivity Source
at A = 1550 nm
Gold eau=-112.7-j6.85 [17]
Titanium eri=1.6 —j 30.56 [18]
Silicon 11.7 Comsol predefined material property
Silicon Oxide 2.09 Comsol predefined material property

Table 10. Structural parameters of PIPED photonic model. Parameters as defined

in Figure 34.
Parameter Value range Comment
Lraper 150 — 800 nm, Length of mode converter
Lpet 0.5-20 pm Length of detector core
w 50 - 400 nm Narrowest Si diameter at the apex
w’ 190 — 540 nm Widest Si diameter at the base. Typically
w + 2x120 nm. 120 nm is the lateral etch
depth.
h 20 — 50 nm Bare silicon height
t 50 nm Metal thicknesses
Si phot. wg. width 550 nm /
Si phot. wg. height 300 nm Value fixed by SOI layer sequence
SiO2 hard mask / Constrained by w + 2x120 nm.
width 120 nm is the lateral etch depth.
SiO2 hard mask 80 nm
height
SiO> buried oxide 2000 pm Value fixed by SOI layer sequence

thickness
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The light enters the simulation domain in the silicon photonic input
waveguides via ports. Boundary mode analyses are applied on the ports that
provide the photonic waveguide modes and the associated effective propagation
indices nesr. The input waveguides are capable of guiding modes with a
dominant horizontal electric field component (henceforth TE mode) and a
dominant vertical electric field component (henceforth TM mode). We employ
the boundary mode analysis for the input and the exit waveguide such that the
scattering parameters S;, (power transfer through PIPED) and Si; (reflected
power from PIPED) can be extracted. We use the same TE/TM terminology to
refer to PIPED modes. This is because the TM mode in the silicon photonic
waveguide couples mainly to the PIPED mode with dominant vertical field
component, and analogously, the TE mode couples mainly to the PIPED mode
with dominant horizontal field component.

The simulation yields the electric field distribution E(x,y,z) across the entire
simulation domain. To extract figures for the optical coupling efficiency and the
absorption characteristics, we evaluate the local light absorption, which is in
proportion to Im(e)x|E[?, where only the metals contribute to the absorption. We
analyze the taper and the detector core separately. We also take the metallic
subsections (i.e., the parts made of Au, or the parts made of Ti) into account
separately. Integrating the local absorption over the volume of metallic
subsections yields the total absorption in this subsection. We end up with the
optical power Py, deposited in the Au part of the taper, the Ti part of the taper,
the Au part of the core and the Ti part of the core.

Note that analyzing the evolution of the Poynting S vector in the device is

an alternative method for the absorption evaluation. The modulus of S will
decrease by absorption in the direction of propagation. Integrating the z-
component of the Poynting vector across the (x,y) plane will result in the optical

power at a given depth z in the device Popt(z):”g]z:constd)(dy' As the

absorption Im(¢)x|E[? and the residual power P(z) in the device are connected to
each other, evaluation of the Pon(z) is a helpful tool for a sanity check.

To analyze the eigenmodes of the PIPED, the simulation domain can be
restricted from 3D to 2D, only including a cross-section of the detector core in
the x-y plane. In this reduced domain, COMSOL can simulate the eigenmodes
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and the associated complex-valued effective mode indices n.; =n, — jn;, the
imaginary part of which defines the absorption coefficient. We find that more
than 99% of the incident light is absorbed in a PIPED with a length of only
Loet = 5 pm and for all technically relevant taper lengths Lraper and core widths

w, see Section 8.2 .
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Figure 35 PIPED internal field distribution for the TE and TM modes. The associated cut
planes of the cross-sections intersect at the center of the PIPED. (a) TE-polarization and
horizontal cross-section (top view). The light enters the simulation domain in silicon photonic
input waveguides. The photonic mode couples to the metallic sidewalls of the PIPED in the
tapered mode converter. The light is then coupled to the detector core. The length of the mode
converter is Lraper and has a strong influence on the coupling efficiency. The light absorption
in the mode converter and in the detector is high, and the field strength quickly decays.
(b) Same mode profile as in (a) as a vertical cross-section (side view). The light concentrates
at the apex of the silicon core, where the diameter is the narrowest. The subfigures (c) and (d)
show the same cross-sections for the TM polarization. The TM mode does not couple to the
taper. Instead, the light couples to an SPP propagating along the metallic top cover and

concentrates in the SiO> hard mask.
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Most of the results for the photonic modelling have already been covered in
the Chapters 4 and in Section 8.2 and are not repeated here. We supplement this
data by the longitudinal mode profiles of the PIPED for the TE and the TM
polarization, shown in Figure 35. The actual taper length Lysper and the actual
detector core width w have no strong influence on the general appearance of the
longitudinal mode profiles, and the results discussed below are typical for the
entire respective parameter ranges.

Figure 35 (a) and (b) show the field distribution for TE excitation in the y-z-
plane and the (x-z) plane, respectively. Both planes intersect at the center of the
PIPED, i.e., at half its height and half its width. It can be seen in (a) that the
light concentrates between the Au and the Ti electrode in the detector core and
in (b) that practically no light resides in the SiO, hard mask layer. The light is
quickly absorbed while penetrating deeper into the device along the z-direction.

The TM polarization behaves differently: Essentially no light enters the
detector core. Instead, the light couples to the Au top cover and enters the SiO,
hard mask layer. The corresponding electric field distributions for the TE and
the TM modes E(x, y) can be found in Chapter 4.5, Figure 11. For both input
polarizations, the lateral mode profiles are very similar to the eigenmodes of the
PIPED.

10.2 Electronic Modelling with SILVCACO ATLAS

We use the 2D-simulation environment SILVACO  ATLAS
(https://silvaco.com/) to model the electronic properties of PIPED and FE-
PIPED, respectively. ATLAS is a finite-element physical device simulator that
Is built upon the drift-diffusion model and solves the equations of continuity
(Eq. (17) and Eqg. (18)) and Poisson’s equation for any given semiconductor
device structure. This allows to simulate the potential ¢(x,y), the carrier
densities, and the current densities throughout the device at arbitrary biasing
conditions. We use ATLAS to simulate the above device characteristics in an
(x-y) cross-section of the detector core, i.e., in a cut plane whose normal vector
Is perpendicular to the photocurrent and parallel to z, the direction of light
propagation. The 2D-simulation has the advantage to require much less
computational power than a full structural model in three dimensions would.
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The tapered mode converters are neglected, as they cannot be accommodated
in the 2D simulation. We verified, however, that their current contribution, at
least for the dark current, is negligible. Currents have the units of A/um due to
the restriction of the simulation to a cut-plane. ATLAS assumes a device length
of 1 um to output the current in Amperes. Comparability to measured currents
from actual devices is given by relating the measured currents to the device
length.

ATLAS employs the Universal Schottky Tunneling model (UST) to simulate the
current across a MS interface. The model includes the effects of voltage-
dependent tunneling and thermionic emission. However, the UST model is only
suitable to simulate the dark-current characteristics of the FE-PIPED and is not
able to make quantitative predictions for the sensitivity Sy for devices based on
internal photoemission. The limitation arises from a boundary condition of the
model, which always assumes an electron energetic distribution f(W) at a given
temperature in thermal equilibrium with its surroundings. This model is hence
unable to take into account out-of-equilibrium distributions with hot electrons
or holes.

There is currently no verified algorithm commercially available that would
be capable to fully simulate Sy, neither by employing empiric models nor by
considering first principles. This is due to the limited knowledge about the
energetic distribution f(W) of the hot carriers in the metals, which crucially
defines the carrier transmission probability across the barrier.

The simulated device cross-section mirrors the actual FE-PIPED devices as
fabricated. We define the Au electrode as the drain contact, the Ti electrode as
the source contact and the Au top cover as the gate contact. The associated
voltages between the electrodes are Ups (drain-source) and Ugs (gate-source).
The influence of the gate voltage has been discussed in the previous chapters.
The results discussed in this chapter are generally valid with and without an
applied gate voltage. For the sake of simplicity, we set Ugs = 0 in the following.

The detector core width w is chosen according to the range used in our
experiments. The definition of the mesh is crucial for obtaining reliable results
for the currents. To this end, we use a mesh density of 0.5 nm by 0.5 nm in the
silicon close to the apexes of the metals, where tunneling is most prominent,
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and just below the gate oxide, where the conductive carrier channel forms. We
use a wider mesh in other regions with little or no contribution to the current to
limit the computational load. We have verified that these simplifications do not
impair the numerical results.

The barrier heights at the Au-Si and the Si-Ti interfaces are indirectly
controlled for by the differences of the metal work functions ¢y and the Si
electron affinity ysi. For the Au-Si interface this exemplarily reads
daue = dwau - xsi- We chose to use the predefined value for ysi and use ¢wa,and
owi as free parameters. During our exploration of the parameter ranges, we
found that the difference of the work functions (and consequently the difference
of the barrier heights) éwau - dw i defines the flat-band bias voltage ¢pi and
hence the threshold voltage which must be exceeded to create any significant
current flow between the drain and the source contact. The absolute values of
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Figure 36. Comparison of measured (red) and simulated (blue) dark current-voltage
characteristic for a PIPED with a core width of w =75 nm. We approximate the measured
device current | by a linear function around the flat band voltage U:. The U-intercept ¢ni = Ut
is identical to the flat band voltage and to the difference of the work functions
ovi = (dw,au - dw,Ti)/e. The simulation is able to reproduce the actual device current very well
for the voltage range up to 0.5 V. For larger voltages, an exponential increase of the current
with the applied voltage can be observed, which marks the onset of tunneling. The curves grow
at different rates. The simulation is not able to fully cover the tunneling domain.
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ow set the slope of the current growth for voltages U > ¢y, and before tunneling
sets in.

We use the in-built optimization algorithm of ATLAS to fit the simulated
currents to the measured currents of PIPED. To this end, we approximate the
device current I by a linear function | = mxU+b around the flat band voltage U..
The U-intercept ¢ni = Uy is identical to the flat band voltage and to the difference
of the work functions @y = -b/m = (dw au - dw i)le. We optimize @w a, until the
current slopes m are in good agreement with each other. Figure 36 shows the
result of such optimization for a PIPED with a detector core width of w = 75 nm
simulated at room temperature. The measured dark current is plotted in red and
the associated simulation is plotted in blue. The two curves agree generally well
with each other for small voltages U <0.5V. The resulting barrier height
difference for this particular device is @pi =0.29 V. We find that oy varies for
different samples from different fabrication campaigns, but is generally the
same for a distinct set of samples from the same fabrication run. For example,
the PIPED discussed in Chapter 4 features a slightly smaller ¢p; =0.2 V than the
one shown in Figure 36. We attribute this variation to differences of the barrier
heights that form as a consequence of the silicon processing. With the prior
analysis, we understand @, as a viable predictor of the barrier height difference
for a particular PIPED.

We further find that the parameter sets that predict the current fairly well
around the flat-band voltage do not fit anymore for larger voltages U > 0.5 V.
Here, the tunneling current dominates and this current is obviously
underestimated by our simulation, see Figure 36. We can artificially increase
the exponential growth of the current by running the simulation at a higher
device temperature, providing a better match for the tunneling currents.
However, in this case, the slope m around the flat-band bias voltage does not fit
anymore well enough. The reason for this finding might be a rapid heating of
measured PIPED, leading to higher dark currents as the devices are under test.
In addition, the Richardson constants for one or both interfaces might not match
well with the actual conditions at the interfaces, leading to an underestimation
of the tunneling current at high voltages.
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Figure 37. Drain-source voltage dependence of PIPED band bending (Ugs = 0 V). The figure
displays a sequence of biasing conditions, with (a) Ups =0V, (b) 0.36 VV and (c) 1.8 V. The
band edges of the conduction band Wc and the valence band Wy are mostly parallel throughout
all biasing conditions. The quasi Fermi levels Wg, and Wr, split when a bias is applied and
reach a maximum separation of 0.36 V. This is identical to the flat band voltage for this
particular device setup.

We further investigate the band bending and its voltage-dependence for a
PIPED with a hypothetical barrier height difference of (gaue - ¢rie) = 0.36 eV
and with a Au-Si barrier height of ¢ga,e = 0.82 eV. The conduction band edges
Wc and the valence band edges Wy of the Au-Si-Ti junction are extracted from
the simulation results at the apex of the detector core, i.e., where the silicon is
the narrowest. The results are displayed in Figure 37.

The figure shows a sequence of biasing conditions, with (a) Ups =0V, (b)
0.36 V and (c) 1.8 V. The band edges are mostly parallel throughout all biasing
conditions. The quasi Fermi levels W, and W, split when a bias is applied and
reach a maximum separation of 0.36 V, which is identical to the flat band
voltage. The band diagrams are in good agreement with the assumed model in
the previous chapters. The flat-band voltage hence is a viable predictor of the
band alignment in the silicon.
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The FE-PIPED has the potential to reach unprecedented optoelectronic
bandwidths, outperforming conventional Si/Ge photodetectors by an order of
magnitude. We use time-domain numerical simulations of the intrinsic device
dynamics of the PIPED to assess the device’s ultimate performance limits. To
this end, a device model is created that reflects the device’s physical properties.
A time-dependent broad-band photocurrent is created in the device as a stimulus
to probe the device dynamic behavior. The external current response to this
stimulus is measured as a function of the gate-source voltage Ugs. The opto-
electronic bandwidth is inferred by relating the dynamics of the external current
and the stimulus. The following sections explain the methodological approach
and discuss the results.

11.1 Methodological approach

The dynamic device response of the FE-PIPED manifests itself in the
frequency-dependent amplitude of its photocurrent. The temporal response in
the external current is determined by the timing of the hot carrier creation and
transport within the device, see Sections 4.2 and 5.2 for details. The largest
fraction in time is required by the carrier transfer from the injecting contact to
the opposing contact at the far end of the device. The high-speed current
amplitude will generally decrease with increasing driving frequency f, as the
device is less capable to follow the time-harmonic stimulus. The gate voltage
Ugs iIs key to maximizing the opto-electronic bandwidth by controlling the
carrier density in the FE-PIPED, where the device dynamics is determined by
dielectric relaxation instead of the comparably slower carrier transit time
through the device. However, the gate voltage also increases the injection
efficiency of carriers from the metal into the silicon. To address the different
effects of the control voltages independently, the opto-electronic sensitivity S is
separated in two factors:

S(f,Ups,Ugs) =Se(Ups,.Ugs)H (f,Ugs) (58)
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Figure 38. High-speed stimulus. The generation rate g is defined as a Gaussian function in
time and space to place test charges in the FE-PIPED and to observe the resulting response of
the device current. (a) Timing of broad-band stimulus. The generation rate assumes the form
of a narrow Gaussian. The width is defined by the standard deviation 26t = 100 fs. This very
short impulse provides a broad spectrum in the frequency domain with spectral components
well above 10 THz. (b) Hole injection close to the Au drain contact. Electron-hole pairs are
created in a narrow region adjacent to the apex of the Au. The center-coordinates of the
Gaussian distribution are Xo =285 nm and yo=-45nm. The widths of the Gaussian are
20xy = 5 nm. The electron-hole pair separates under forward bias conditions Ups > 0. The
electron is immediately absorbed by the Au contact and a hole remains. The hole is subject to
the electric field in the device and traverses towards the Ti source contact, which is grounded.
Relating the frequency components of the current response measured at the source and drain
terminals to the stimulus allows inferring the transfer function of the FE-PIPED in case of a
dominant hole photocurrent. (c) Electron injection close to the Ti drain contact, yo = 45 nm.
Analogously to (b), the electron-hole pair separates, and the hole immediately vanishes into
the Ti. The electron remains. This configuration is used to assess the transfer function of the
FE-PIPED in case of a dominant electron photocurrent.

Sp(Ups,Ugs) is the DC sensitivity, which models the voltage dependence of
the carrier injection. It can be assumed that the hot-electron dynamics and the
injection in the metals is approximately independent of the driving frequency
and the same applies to So. The frequency dependence of the current transfer
through the device is entirely modelled by H(f,Ugss), which is the opto-
electronic transfer function.

We analyze the transfer function H with the help of numerical simulation.
We use the 2D-simulation environment provided by SILVACO ATLAS to
create the FE-PIPED device model and to execute the simulation. ATLAS is a
physical device simulator that is built upon the drift-diffusion model and solves
the equations of continuity (Eq. (17) and Eq. (18)) for any given semiconductor
device structure. The details of the modelling are explained in Section 10.2.
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The available numerical tools are currently limited in their capability to
model internal photoemission, which also applies to ATLAS. We circumvent
this limitation by using a specific method to model an optical stimulus: We
approximate an injected hot charge carrier by placing test charges in close
proximity to the Au or the Ti contact, see Figure 38 (b) and (c). We choose
positions close to the metal apexes, where the electric field is the strongest and
tunneling would create the highest carrier injection rate.

To inject the test charges, we define a time- and space-dependent generation
rate g(t,x,y) of electron-hole pairs in the silicon next to the apex of the Au source
or the Ti drain contact. Under forward biasing conditions Ups > 0 V, an electron
created close to the Au will immediately be absorbed by this contact and a hole
remains. The remaining hole is subject to the same electric field as an injected
hot hole would be, and a current is created between the device terminals. Hence,
it is fair to assume that the remaining hole approximates the dynamic behavior
of an optically generated hot hole that overcame the barrier at the MS interface
and that was injected to the silicon.

An electron-hole pair created at the Ti contact behaves analogously: The hole
vanishes into the metal and the electron contributes to the current through the
device. The definition of an electron-hole pair instead of only a single charge of
interest is a constraint imposed by the ATLAS simulation environment.
However, it is assumed that the additional charge does not significantly affect
the simulation results, as it immediately vanishes into the metal contact.

The generation rate g is defined as a Gaussian function both in time and
space. The temporal and spatial widths are 20y =100fs, 20,, =5nm.
Figure 38(a) illustrates the Gaussian impulse. Due to its short temporal width,
the impulse features frequency components well above 10 THz and is
specifically chosen to provide a broad-band stimulus of the FE-PIPED. The
center of the electron-hole pair generation is chosen at X, =285 nm and
Yo = - 45 nm close to the Au contact or at yo = 45 nm close to the Ti contact, see
Figure 38 (b) and (c). This definition matches the location where ATLAS’
Universal Tunnelling Model provides the largest generation rate due to
tunneling, generated by a strong field enhancement at the sharp metal apexes. It
is fair to assume that tunneling currents should behave similarly for dark and
photocurrents alike, which justifies our definition of the electron-hole pair
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generation. The widths 2oy are designed to be large enough to avoid numerical
instabilities, while at the same time still being sufficiently small compared to
the silicon core width w that needs to be traversed. This avoids detrimental
influences on the simulation results. The peak magnitude of the generation rate
is defined as gmex = 10%° cm3s. This constitutes an empirical value which
results in a measured photocurrent in the order of 1 pA, which matches the
typical photocurrents of the real PIPED.

We analyze the dynamic behavior of the created electrons and the holes
separately. This means that the electron-hole pair is either placed at the Au drain
contact for simulation of a hole transfer, or at the Ti source contact for
simulation of an electron transfer. We do not place test charges at both metals
at the same time. This is justified, as our results indicate that for most operating
conditions, only one carrier type dominates the photocurrent: Holes dominate
for Ugs <0V while electrons dominate for large positive gate voltages
Ugs > 4V, see Section 5.5.1.

11.2 Impulse Response

We predict the impulse response of the PIPED by exciting the biased device
model with the broad-band stimulus shown in Figure 38 (a). We record the time-
dependent excess currents due to the stimulation at the device terminals I
(source), lgm (drain) and lgae. By this definition, the dark currents are subtracted,
and the remaining current can be fully attributed to the optical stimulation. The
drain-source voltage is fixed at Ups = 1.5 V. This choice ensures reaching the
saturation velocity of drifting carriers for the given device of width w = 100 nm.
The gate voltage is swept in a range of Ugs = —10 V to Ugs =10 V.

We execute the simulation of the impulse response separately for holes and
for electrons by choosing the location of the carrier generation according to
Figure 38 (b) or Figure 38 (c). These modes of excitation are in analogy to a
strongly absorbing p-i-n photodiode, which is stimulated by a short light pulse
close to the drain contact, (b), or close to the source contact, (c). However, while
the drift region of the strongly absorbing p-i-n photodiode is depleted of mobile
charges, the PIPED charge density depends on the gate voltage Ugs. In the
following, we investigate how the carrier densities impact the PIPED device

152



11 Dynamic Device Characteristics

dynamics. Figure 39 shows examples of the impulse response of I, obtained
for hole and electron injection and for gate voltages of Ugs =0, —10 V and 10 V,
respectively. The width of the FE-PIPED is w = 100 nm.

3 <1077 (a) Hole Injection
= 2 U =-10V |
“E = 0V t=0.85ps
_al i
0 ______ l _ —_—

-0.2 0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6
Time t-t0 [ps]

(b) Electron Injection

UGS =10V
t=0.46 ps
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ST NS N— — N —— e ———
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Time t-t0 [ps]

Figure 39. Impulse response of lsc(t) for a FE-PIPED with a width of w = 100 nm. The drain-
source voltage is set to Ups = 1.5 V to ensure that carriers drift at their saturation velocity. The
dashed green curve illustrates the stimulus as a reference, which is drawn in arbitrary units.
The time axis has been gauged according to the peak of the stimulus which is at t—t, = 0.
(a) Hole Injection. The black curve depicts the dynamics of the device at zero bias on the gate.
The current comprises two distinct domains. A first current peak arises at t — to= 60 fs shortly
after the stimulus. This peak appears more than ten times faster than expected when hole drift
at the saturation velocity is assumed. The full width is ¢ = 140 fs, measured at 61 % of the
maximum, defined in analogy to the width of the stimulus. We attribute this ultra-fast response
to dielectric relaxation sustained by the hole channel under the gate oxide, which is already
present at zero gate voltage. This first peak is followed by a second tail with a very broad and
much slower current spanning more than 1 ps. This tail has its maximum at t — to= 850 fs. We
attribute this broader current to holes drifting through the Si instead of taking part in dielectric
relaxation. Assuming a saturation drift velocity of 107 cm/s, a time of 850 fs corresponds to a
drift distance of 86 nm, which agrees acceptably well with the device width w = 100 nm. We
understand the broad shape of the current as a consequence of the statistical nature of the carrier
drift. The red curve shows the current at a high negative gate voltage of Ugs = —10 V, which
strengthens the p-channel. The long tail seen at zero gate voltage vanishes and the first peak
grows in strength. In this operating condition, most of the injected carriers contribute to the
dielectric relaxation current and the speed of the device is significantly increased by the gate
voltage. (b) Electron injection. The current response has a broad appearance at zero gate
voltage. This is similar to the behavior of holes. We understand this as a large fraction of
electrons drifting through the device. The current reacts significantly faster at Ugs = 10 V and
no relevant difference to the hole current at the same gate voltage can be recognized.
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The black curve in Figure 39 (a) depicts the time-dependent current of the
device for hole injection and at zero bias on the gate, Ugs = 0 V. The current
comprises two distinct domains. A first current peak arises at t -to= 60 fs shortly
after the occurrence of the stimulus. A second peak follows with a reduced
amplitude and a much larger width spanning more than 1 ps. We associate each
peak with a different carrier transport mode in the Si.

We attribute the first peak to dielectric relaxation due to the interaction of the
injected holes with the hole channel under the gate oxide. This channel is
already present at Ugs = 0 V, albeit weakly pronounced. The peak occurs more
than ten times faster than expected from holes drifting at the saturation velocity.
The full width is o = 140 fs. The broadening of the first peak compared to the
stimulus can be explained by the variation of the carrier density in the channel.
This density decreases from the gate oxide into the bulk Si, hence affecting the
local dielectric relaxation time. Each part of the channel introduces a slightly
different time delay.

We attribute the broad second peak to holes drifting through the bulk Si
outside of the conductive channel. This peak has its weakly pronounced
maximum at t -t,= 850 fs. Assuming a saturation drift velocity for holes in Si of
Vs,n = 1x107 cm/s, a transit time of 850 fs corresponds to a drift distance of
86 nm. This value agrees well with the device width w, considering that the
injection location is shifted slightly into the Si. We attribute the broad
appearance of the tail to a strong dispersion in the device, i.e., the drift velocities
in the device differ strongly between the individual carriers.

Due to the design of our injection model, we would have expected a further
current peak due to the minority carriers that immediately vanish into the drain
electrode. However, this additional peak is not visible. We assume that this peak
occurs too fast for the simulation to follow.

We now apply a gate voltage of Ugs = —10 V, strengthening the p-channel.
The red curve in Figure 39 (a) shows that the carrier transport mode has
significantly changed. The slow tail that existed without a gate voltage
effectively vanished. We understand this as a consequence of the larger carrier
density in the channel, which also reaches farther into the device. In this
operating condition, most of the injected carriers interact with the hole channel,
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and the carrier transit time does not play a role anymore. This change of carrier
dynamics significantly increases the speed of the device.

Figure 39 (b) depicts the dynamics of the device for electron injection. The
characteristic for zero gate voltage, see black curve marked with Ugs=0V,
shows a distinctively different behavior as compared to the hole injection at zero
voltage in Figure 39 (a). It appears as though the two peaks merged into one.
Two distinct “bumps” can still be identified. Our interpretation of this shape is
similar as before: The first bump corresponds to the interaction of the injected
carrier with the channel under the gate oxide. However, the strength of the
current and the speed are reduced. This is because now minority carriers interact
with the majority carrier channel. The second bump at t — to= 460 fs corresponds
to electrons drifting through the Si. The blue curve shows the impulse response
at Uss=10V. Applying a strong positive gate voltage inverts the
semiconductor and creates an n-channel. Injecting electrons leads to a very fast
dielectric relaxation in the channel. The timing characteristics are now similar
to the corresponding situation in Figure 39 (a), and the carrier transit outside of
the channel is effectively eliminated.

In conclusion, we have shown that applying a gate voltage allows to control
the carrier dynamics in the FE-PIPED. In particular, both positive and negative
gate voltages lead to a significantly shorter impulse response as compared to the
case without an applied gate voltage. We attribute the increase in device speed
to the increased dielectric relaxation in the channel when gate voltages are
applied.
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List of abbreviations

AC
ADC
Al

As
Au
BER
BOX
BW
C.w.
CMOS
DAC
DC
DFB
DOS
EDFA
eV
FOM
FPGA
Ga

Ge
HSQ

Alternating current
Analog-to-digital converter
Aluminum

Arsenic

Gold

Bit-error ratio

Buried oxide

bandwidth

Continuous wave
Complementary metal-oxide-semiconductor
Digital-to-analog converter
Direct current

Distributed feedback laser
Density of states
Erbium-doped fiber amplifier
Electron Volt

Figure of merit
Field-programmable arrays
Gallium

Germanium

Hydrogen silsesquioxane
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I11-V semiconductor

IMPATT
In

IPE
LIA
LO
MOS, MOSFET
MS
MSM
MZM
NEP
OOK
PD
PIPED
PM
PMMA
PRBS
RF

RIE

Rx
SEM

Si

SiO;
SMU
SNR
SOl
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Compound semiconductor from the third and the fifth
main group elements

Impact ionization avalanche transit-time diode
Indium

Internal photoemission

Lock-in amplifier

Local oscillator
Metal-Oxide-Semiconductor, MOS Field-effect transistor
Metal-semiconductor
Metal-semiconductor-metal
Mach-Zehnder Modulator

Noise equivalent power

On-Off keying

Photodetector

Plasmonic internal photoemission detector
Polarization-maintaining
Polymethylmethacrylate

Pseudo-random bit sequence

Radio frequency

Reactive ion etching

Receiver

Scanning electron microscope

Silicon

Silicon oxide

Source-measure unit

Signal-to-noise power ratio

Silicon-on-insulator
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SPP
TE

Ti

TIA
™
T-wave
TX
UTC
VNA
WG

Surface plasmon polariton
Transverse electric
Titanium

Transimpedance amplifier
Transverse magnetic
Terahertz wave
Transmitter
Uni-travelling-carrier
Vector network analyzer

Waveguide

List of mathematical symbols

Greek symbols

Carrier mobility
Scattering time
Conductivity

Potential

Permittivity

Dielectric relaxation time

Work function

Barrier height (e.g. for electrons in Au)

Electron affinity
Built-in potential
Angular frequency
Penetration depth

Power attenuation constant
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Latin symbols

*

m
n=n-jn;
C

Dn, Dy

n

Nc(W), Nv(W)
Np, Na

p

P, Popt

R

In

166

Wavelength

Fiber orientation

Effective mass of electron or hole
Complex refractive index
Capacitance

Diffusion constant (electron, hole)
Unit of charge

Electric field strength, in x-direction
Frequency

Fermi-Dirac distribution function
Electron generation rate

Transfer function

Dark current

Photocurrent

Electric current density
Propagation constant

Device length

Electron density

Density of states (conduction band, valence band)

Dopant concentration (donator, acceptor)

Hole density
Optical power
Resistance

Electron recombination rate
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Sensitivity

Time

Temperature

Voltage

Carrier speed, in x-direction
Energy level
Semiconductor core width
Fermi energy level

Band gap energy

Spatial coordinates
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